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Abstract		
Our	understanding	of	tropical	cyclogenesis,	one	of	the	greatest	mysteries	in	tropical	meteorology,	 has	 advanced	 significantly	 in	 the	 past	 few	 decades,	 partly	 owing	 to	 the	availability	of	satellite	data	and	high-resolution	numerical	model	simulations.	This	research	investigates	 the	 coupling	 among	 the	 primary	 circulation,	 secondary	 circulation	 and	precipitation	 during	 tropical	 cyclogenesis	 through	 analyses	 of	 satellite	 data	 and	 cloud-representing	numerical	model	simulations.			 Previous	studies	have	emphasized	the	importance	of	the	positive	feedback	between	the	ocean	surface	heat	fluxes	and	the	primary	circulation,	but	our	analyses	based	on	high-resolution	numerical	model	simulations	suggest	that	the	local	evaporation	and	its	positive	interaction	with	the	primary	circulation	may	not	be	as	important	as	generally	appreciated	for	tropical	cyclone	development.	In	fact,	we	demonstrate	that	an	increase	in	the	fractional	contribution	 by	 the	 inward	 moisture	 flux	 with	 the	 storm	 intensification	 implies	 the	importance	 of	 the	 positive	 feedback	 among	 the	 primary	 circulation,	 the	 secondary	circulation,	 and	 convection	 for	 tropical	 cyclone	 development.	 Convection	 near	 the	 storm	center	 feeds	 off	 moisture	 converging	 from	 large	 radii,	 and	 the	 release	 of	 latent	 heat	concentrated	near	the	circulation	center	then	drives	the	overturning	secondary	circulation,	increases	the	low-level	moisture	convergence,	and	intensifies	the	tangential	circulation.	We	further	examine	the	precipitation	evolution	during	tropical	cyclone	formation	and	explored	the	role	of	different	types	of	precipitation.	Specifically,	we	quantified	the	frequency	
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occurrence	 of	 stratiform	 precipitation,	 shallow	 convection,	 mid-level	 convection	 (i.e.,	congestus)	and	deep	convection	as	well	as	their	contributions	to	the	total	precipitation	using	precipitation	 and	 cloud-type	 retrievals	 from	 the	 Tropical	 Rainfall	 Measuring	 Mission	(TRMM)	Precipitation	Radar	(PR).	Precipitation	increases	substantially	within	36	h	before	genesis.	Stratiform	clouds,	mid-level	convection,	and	deep	convection	increase	individually	and	all	 thereby	contribute	 to	 the	 increasing	precipitation.	The	contribution	by	 stratiform	precipitation	is	due	to	its	increasing	areal	coverage,	while	its	pixel	rain	rate	changes	little	from	 Day	 -3	 to	 Day	 +1.	 The	 contribution	 by	mid-level	 convection	 and	 deep	 convections	results	 from	 their	 increasing	areal	 coverage	and	 intensifying	 rain	 rates.	Among	 the	 three	types	of	convection,	deep	convection	has	the	largest	pixel	rain	rate,	but	mid-level	convection	occurs	most	 frequently	and	makes	 the	 largest	contribution	 to	 the	 total	precipitation.	The	overall	contribution	by	convective	clouds,	despite	their	low	areal	coverage,	is	comparable	to	that	by	stratiform	precipitation.		Spectral	 latent	heating	profiles	derived	 from	the	TRMM	PR	are	also	examined	and	compared	to	diabatic	heating	profiles	from	a	high-resolution	numerical	model	simulation.	The	total	areal	mean	heating	results	entirely	from	the	diabatic	heating	associated	with	deep	convection,	 congestus,	 and	 upper-tropospheric	 stratiform	 precipitation	 processes.	 The	contribution	by	stratiform	precipitation	 to	 the	upper-level	heating	 is	comparable	 to	deep	convection,	especially	before	genesis.	Overall,	the	total	areal	mean	heating	is	shown	to	occur	over	a	deep	layer	owing	to	contributions	from	both	convective	and	stratiform	processes,	not	by	convection	alone.	The	areal	mean	heating	associated	with	stratiform	precipitation	in	the	upper-troposphere	leads	to	the	development	of	a	deep	diabatic	heating	profile,	which	may	aid	in	generating	the	warm	core	in	the	upper-troposphere	and	thus,	help	to	hydrostatically	
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reduce	 the	 surface	 pressure.	 Lastly,	 similarities	 that	 exist	 between	 the	 conditional	mean	heating	profiles	from	the	model	and	TRMM	suggest	WRF	likely	overestimates	the	frequency	of	occurrence	of	deep	convection.	This	study	suggests	that	tropical	cyclone	formation	is	an	outcome	of	the	collective	contribution	by	different	types	of	precipitation,	instead	of	the	result	of	a	few	intense,	deep	convective	clouds.			 	
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“I take up my pen just to give you an imperfect account of one of the most dreadful Hurricanes that memory or any records whatever can trace, 
which happened here on the 31st ultimo at night. 
It began about dusk, at North, and raged very violently till ten o’clock. Then ensued a sudden and unexpected interval, which lasted about an 
hour. Meanwhile the wind was shifting round to the South West point, from whence it returned with redoubled fury and continued so ’till near three 
o’clock in the morning. Good God! what horror and destruction. Its impossible for me to describe or you to form any idea of it. It seemed as if a 
total dissolution of nature was taking place. The roaring of the sea and wind, fiery meteors flying about it in the air, the prodigious glare of almost 
perpetual lightning, the crash of the falling houses, and the ear-piercing shrieks of the distressed, were sufficient to strike astonishment into Angels. A 
great part of the buildings throughout the Island are levelled to the ground, almost all the rest very much shattered; several persons killed and numbers 
utterly ruined; whole families running about the streets, unknowing where to find a place of shelter; the sick exposed to the keeness of water and air without 
a bed to lie upon, or a dry covering to their bodies; and our harbours entirely bare. In a word, misery, in all its most hideous shapes, spread over the 
whole face of the country. A strong smell of gunpowder added somewhat to the terrors of the night; and it was observed that the rain was surprizingly 
salt. Indeed the water is so brackish and full of sulphur that there is hardly any drinking it.” 
- Alexander Hamilton, St. Croix, September 6, 1772 	
	 1	
CHAPTER	1		
	
INTRODUCTION	
	
	 	
	Tropical	 cyclones	 are	 indisputably	 the	most	 destructive	 storm	 systems	 on	 our	 planet.	Historically,	the	torrential	rains,	flooding,	storm	surges,	and	strong	winds	associated	with	these	phenomena	have	led	to	many	fatalities	and	extensive	damage	to	property	(Rappaport	2014).	 As	 the	 population	 continues	 to	 grow,	 along	 with	 both	 increased	 structural	development	 and	 a	 changing	 climate,	 coastal	 areas	 will	 be	 increasingly	 vulnerable	 to	hurricane	 impacts.	 Improvement	 in	 our	understanding	of	 tropical	 cyclone	 formation	 and	subsequently,	tropical	cyclone	forecasts	is	thus	extremely	important.		
A	tropical	cyclone	distinguishes	itself	from	other	tropical	convective	systems	by	intense	rotation	and	circularly	organized	deep	convection.	Organized	convection	is	closely	related	to	the	storm’s	intensity,	as	it	can	effectively	drive	the	transverse	secondary	circulation	and	spin	up	the	cyclonic	circulation	in	the	lower	troposphere.	Deep	convection	organized	by	a	low-level	 cyclonic	 circulation	 is	 one	 of	 the	 criteria	 that	 forecasters	 use	 to	 declare	 the	formation	of	a	tropical	cyclone.	To	some	extent,	the	formation	of	a	tropical	cyclone	can	be	regarded	as	the	process	in	which	deep	convection	becomes	circularly	organized	and	more	persistent.	 The	 knowledge	 about	 moisture	 and	 precipitation	 evolution	 as	 well	 as	 the	processes	and/or	conditions	that	promote	convective	organization	is	a	critical	issue.		
	 2	
Recent	studies	(e.g.,	Dunkerton	et	al.	2009;	Wang	et	al.	2010a)	suggest	that	synoptic-	and	meso-alpha-scale	 processes	 or	 conditions	 are	 required	 to	 help	 determine	 convective	organization	and	tropical	cyclogenesis.	The	marsupial	paradigm	(e.g.,	Dunkerton	et	al.	2009;	Wang	et	al.	2010a,b),	for	example,	emphasizes	the	important	role	of	the	wave	critical	layer	for	 tropical	cyclones	originating	 from	tropical	easterly	waves	(Fig.	1.1).	The	wave	critical	layer,	which	 is	due	 to	 the	nonlinear	 interaction	between	 the	wave	and	 the	ambient	 flow,	provides	 a	 region	 of	 approximately	 closed	 Lagrangian	 circulation,	 or	 the	 “wave	 pouch”,	where	air	can	be	repeatedly	moistened	by	convection	and	protected	to	some	degree	from	dry	air	intrusion.	Numerical	model	simulations	have	(e.g.,	Wang	et	al.	2010a)	shown	that	the	wave	pouch	acts	as	a	guide	for	vorticity	aggregation	and	that	the	center	of	the	wave	pouch	is	the	preferred	location	for	tropical	cyclogenesis.	The	marsupial	paradigm	is	supported	both	by	observational	diagnosis	and	numerical	model	simulations	(Dunkerton	et	al.	2009;	Wang	2012;	Fritz	and	Wang	2013).	An	extensive	portion	of	this	research	will	address	questions	posed	regarding	tropical	cyclone	formation	in	the	framework	of	the	marsupial	paradigm.	
The	 goal	 of	 this	 dissertation	 is	 to	 identify	 the	 factors	 that	 control	 tropical	 cyclone	formation,	 to	advance	our	understanding	of	 tropical	 cyclone	 formation,	and	ultimately	 to	improve	 our	 predictive	 capabilities.	 Specifically,	 emphasis	 will	 be	 on	 the	 moisture	 and	convective	evolution	during	tropical	cyclone	formation	through	the	analysis	of	satellite	data,	reanalysis	 data	 and	 high-resolution	 numerical	 model	 simulations.	 Organized	 deep	convection	is	a	distinct	feature	of	tropical	cyclones	(Wang	and	Hankes	2016).	Concentrated	latent	 heat	 release	 produced	 by	 organized	 convection	 near	 the	 storm	 center	 drives	 the	transverse	 secondary	 circulation,	 and	 the	 associated	 low-level	 convergence	 leads	 to	 the	intensification	of	the	system-scale	circulation	via	the	vortex-stretching	effect	(Hendricks	et	
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al.	2004;	Montgomery	et	al.	2006).	Moisture	evolution	and	convective	organization	are	thus	the	pivotal	issues	that	must	be	addressed	to	advance	our	understanding	of	tropical	cyclone	formation.		
The	research	described,	herein,	will	open	with	the	use	of	numerical	model	simulations	to	examine	the	water	vapor	budget	for	a	developing	tropical	cyclone.	A	central	argument	in	the	understanding	of	tropical	cyclone	formation	and	intensification	is	the	interaction	among	the	primary	circulation,	the	secondary	circulation	and	moist	convection.	Several	theories	exist	to	explain	tropical	cyclone	intensification:	the	CISK	theory	proposed	by	Charney	and	Eliassen	(1964)	and	Ooyama	(1964),	the	cooperative	theory	proposed	by	Ooyama	(1982),	and	the	wind-induced	 surface	 heat	 exchange	 (WISHE)	mechanism	 proposed	 by	 Emanuel	 (1987).	CISK	 and	 the	 cooperative	 theory	 both	 emphasize	 the	 positive	 feedback	 between	 moist	convection	and	the	tropical	cyclone	vortex,	however,	Ooyama's	theory	differs	from	the	CISK	theory	 in	 that	 the	 CISK	 theory	 assumes	 the	 latent	 heat	 release	 of	 deep	 convection	 is	proportional	to	the	vertically-integrated	inward	moisture	flux	and	largely	overlooks	the	role	of	the	local	evaporation,	while	the	cooperative	theory	recognizes	explicitly	the	importance	of	surface	moisture	flux	in	maintaining	convective	instability	and	the	intensification	process.	Moreover,	 the	WISHE	mechanism	emphasizes	the	positive	 feedback	between	the	primary	circulation	and	the	surface	heat	fluxes.	It	is	an	open	question	whether	a	unified	theory	exists	for	tropical	cyclone	formation	and	tropical	cyclone	intensification	(Kilroy	et	al.	2016),	and	even	more	so,	it	is	unclear	the	relative	importance	of	the	local	evaporation	(i.e.,	relative	to	the	 system-scale	 area)	 vs.	 the	 inward	 moisture	 fluxes	 at	 the	 pre-genesis	 stage	 and	 the	evolution	of	their	contribution	from	the	tropical	wave	to	the	tropical	cyclone	stage.	A	good	
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understanding	of	 the	water	vapor	budget	will	 help	 to	better	understand	 tropical	 cyclone	formation	and	intensification.	The	following	questions	will	be	addressed:		
Q1:	 What	 is	 the	 relative	 contribution	 of	 the	 local	 evaporation	 compared	 to	 the	
horizontal	moisture	convergence	for	a	developing	tropical	cyclone?		
Q2:	 Is	 the	 positive	 feedback	 between	 the	 primary	 circulation	 and	 the	 secondary	
circulation	or	the	primary	circulation	and	the	ocean	surface	heat	fluxes?	
	
The	 remainder	 of	 the	 study	 systematically	 examines	 the	 precipitation	 evolution	 and	convective	organization	associated	with	tropical	cyclone	formation.	We	will	explore	the	role	of	different	types	of	precipitation	using	TRMM	satellite	retrievals.	Satellite	retrievals	have	been	 used	 extensively	 in	 recent	 years	 to	 study	 the	 convective	 evolution	 associated	with	intensity	 change	 (especially	 rapid	 intensification)	of	 tropical	 cyclones	 (e.g.,	Dvorak	1984;	Cecil	and	Zipser	1999;	Harnos	and	Nesbitt	2011).	However,	relatively	few	studies	focused	on	convective	evolution	at	the	tropical	cyclone	formation	stage	(e.g.,	Reasor	et	al.	2005;	Sippel	et	al.	2006)	or	were	based	on	numerical	model	simulations	(e.g.,	Montgomery	et	al.	2006;	Nolan	2007;	Cecelski	and	Zhang	2013),	and	the	evolution	of	convection	leading	to	tropical	cyclogenesis	 is	 not	 well	 understood.	 We	 will	 evaluate	 the	 role	 of	 different	 types	 of	precipitation	relative	to	diabatic	heating,	which	drives	the	secondary	circulation	and	is	key	to	potential	vorticity	production.	In	particular,	high-resolution	numerical	model	simulations	will	 be	used	along	with	 the	Tropical	Rainfall	Measuring	Mission	 (TRMM)	Spectral	 Latent	
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Heating	(SLH)	products,	to	assess	the	contributions	by	different	types	of	precipitation	to	the	total	heating	field.	The	following	questions	will	be	addressed:			
Q3:	 How	 do	 cloud	 populations/precipitation	 evolve	 from	 the	 wave	 to	 the	 tropical	
cyclone	stage?	
Q4:	What	are	 the	contributions	of	different	 types	of	precipitation	to	 tropical	cyclone	
formation?	
Q5:	How	well	does	the	TRMM	SLH	represent	the	evolution	of	diabatic	heating	in	tropical	
cyclones?	
Q6:	Is	tropical	cyclone	formation	an	outcome	of	a	few	intense,	deep	convective	clouds	or	
do	different	types	of	precipitation	all	contribute	to	tropical	cyclone	formation?	
	
The	 following	 hypotheses	 are	 tested	 through	 analyses	 of	 numerical	 model	 simulations,	satellite	observations	and	reanalysis	data:	
	
H1:	The	 fractional	 contribution	of	 the	 local	 evaporation	decreases	 from	 the	 tropical	
wave	stage	to	the	tropical	cyclone	stage.	
H2:	The	positive	 feedback	exists	between	 the	primary	 circulation	and	 the	 secondary	
circulation	for	tropical	cyclone	development.	
H3:	Tropical	 cyclone	 formation	may	be	an	outcome	of	 the	collective	contribution	by	
different	types	of	precipitation,	not	only	deep	convective	clouds.	
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	 Chapter	2	will	address	Q1	and	Q2	through	the	water	vapor	budget	analysis	during	tropical	 cyclone	 formation	 using	 the	 output	 from	 a	 high-resolution	 numerical	 model	simulation.		The	water	vapor	budget	for	mature	tropical	cyclones	has	been	examined	in	many	previous	studies	using	numerical	model	simulations	or	radar	observations	(Kurihara	1975;	Gamache	et	al.	1993;	Braun	2006),	but	it	has	not	been	well	studied	at	the	pre-genesis	stage.	Examining	the	water	vapor	budget	will	help	to	evaluate	the	relative	importance	of	the	local	evaporation	vs.	 inward	moisture	flux	from	the	tropical	wave	stage	to	the	tropical	cyclone	stage.	If	the	system-scale	moisture	convergence	becomes	dominant	with	intensification,	it	reflects	the	importance	of	the	positive	feedback	between	the	secondary	circulation	and	the	primary	 circulation.	However,	 if	 the	 contribution	by	 the	 local	 evaporation	 increases	with	intensification	as	suggested	by	WISHE,	it	will	emphasize	the	positive	feedback	between	the	ocean	surface	heat	fluxes	and	the	primary	circulation	(Emanuel	1986;	Rotunno	and	Emanuel	1987).	
Chapters	3	and	4	will	address	Q3-Q6	through	the	analysis	of	TRMM	data	retrievals	and	numerical	 model	 simulations.	 It	 is	 generally	 accepted	 that	 the	 low-level	 convergence	associated	 with	 convective	 precipitation	 is	 more	 effective	 in	 spinning	 up	 the	 low-level	circulation	 (e.g.,	 Raymond	 and	 Lopez	 Carrillo	 2011),	 but	 this	 does	 not	 rule	 out	 possible	contributions	 to	 tropical	 cyclone	 formation	 by	 stratiform	 precipitation	 (Wang	 2012).	 In	addition,	the	contribution	to	tropical	formation	by	convective	processes	may	not	be	simply	attributed	to	deep	convection.	In	fact,	there	are	three	distinct	types	of	convective	clouds	in	the	tropics,	including	shallow	cumulus,	congestus,	and	cumulonimbus	(Johnson	et	al.	1999).		We	are	interested	in	different	types	of	clouds	and	precipitation	because	each	prevail	under	different	 thermodynamic	 conditions.	 Quantifying	 the	 frequency	 occurrence	 of	 stratiform	
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precipitation,	 shallow	 convection,	 mid-level	 convection	 (i.e.,	 congestus),	 and	 deep	convection	 reveals	 their	 individual	 contributions	 to	 the	 total	 precipitation	 and	 diabatic	heating	 field.	 Each	 precipitation	 type	 can	 be	 characterized	 by	 different	 heating	 and	divergence	 profiles,	 which	 can	 affect	 the	 evolution	 of	 both	 the	 secondary	 and	 primary	circulation	differently.		 	
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1.1	Figure	
		Figure	1.1.	Tropical	cyclone	formation	within	a	wave	pouch.	The	dashed	contours	represent	the	earth-relative	stream	lines	in	the	lower-troposphere.	The	solid	black	contours	represent	the	wave	pouch	in	the	co-moving	frame.	CL	is	the	critical	latitude,	Jet	is	the	easterly	Jet	or	mean	earth-relative	flow,	and	Trough	is	the	wave-trough	axis	(from	Wang	et	al.	2010a).	
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CHAPTER	2	
*Water	Vapor	Budget	in	a	Developing	Tropical	
Cyclone	and	Its	Implication	for	Tropical	
Cyclone	Formation		
			
2.1	Background	
Moist	 convection	 is	 the	 primary	 driving	 force	 for	 tropical	 cyclone	 formation	 and	intensification	 (Montgomery	 and	 Farrell	 1993;	 Hendricks	 et	 al.	 2004;	Montgomery	 et	 al.	2006;	Zhang	and	Sippel	2009;	Wang	2012).	The	ultimate	energy	source	of	tropical	cyclones	comes	 from	 the	 warm	 ocean	 via	 the	 surface	 enthalpy	 flux.	 The	 release	 of	 latent	 heat	
																																																						*	 	 Chapter	 2	 has	 been	 published	 in	 the	 Journal	 of	 the	 Atmospheric	 Sciences.	 The	 only	differences	that	appear	here	relative	to	Fritz	and	Wang	(2014)	is	that	five	figures	have	been	included	for	information	purposes.		Fritz	and	Wang	(2014)	is	©	Copyright	[2014]	American	Meteorological	Society	(AMS).	Permission	to	use	figures,	tables,	and	brief	excerpts	from	this	work	 in	 scientific	 and	 educational	 works	 is	 hereby	 granted	 provided	 that	 the	 source	 is	acknowledged.	Any	use	of	material	 in	this	work	that	 is	determined	to	be	“fair	use”	under	Section	107	of	the	U.S.	Copyright	Act	September	2010	Page	2	or	that	satisfies	the	conditions	specified	in	Section	108	of	the	U.S.	Copyright	Act	(17	USC	§108,	as	revised	by	P.L.	94-553)	does	not	require	the	AMS’s	permission.	Republication,	systematic	reproduction,	posting	in	electronic	 form,	 such	 as	 on	 a	 website	 or	 in	 a	 searchable	 database,	 or	 other	 uses	 of	 this	material,	 except	 as	 exempted	 by	 the	 above	 statement,	 requires	 written	 permission	 or	 a	license	from	the	AMS.	All	AMS	journals	and	monograph	publications	are	registered	with	the	Copyright	 Clearance	 Center	 (http://www.copyright.com).	 Questions	 about	 permission	 to	use	materials	for	which	AMS	holds	the	copyright	can	also	be	directed	to	the	AMS	Permissions	Officer	at	permissions@ametsoc.org.	Additional	details	are	provided	in	the	AMS	Copyright	Policy	statement,	available	on	the	AMS	website								(http://www.ametsco.org/CopyrightInformation).		
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concentrated	near	the	circulation	center	drives	the	secondary	circulation,	increases	the	low-level	moisture	convergence	and	intensifies	the	primary	circulation.			 There	are	several	theories	for	tropical	cyclone	intensification.	Charney	and	Eliassen	(1964)	and	Ooyama	 (1964)	proposed	 the	CISK	 theory	 for	 the	positive	 feedback	between	deep	convection	and	the	tropical	cyclone	vortex,	and	Ooyama	(1982)	proposed	a	cooperative	theory.	Although	both	theories	emphasize	the	positive	feedback	between	moist	convection	and	the	 tropical	cyclone	vortex,	Ooyama's	 theory	differs	 from	the	CISK	theory	 in	 that	 the	CISK	 theory	 assumes	 the	 latent	 heat	 release	 of	 deep	 convection	 is	 proportional	 to	 the	vertically-integrated	 inward	 moisture	 flux	 and	 largely	 overlooks	 the	 role	 of	 the	 local	evaporation,	while	the	cooperative	theory	recognizes	explicitly	the	importance	of	the	surface	moisture	flux	in	maintaining	convective	instability	and	the	intensification	process.	Emanuel	(1987)	 proposed	 the	 wind-induced	 surface	 heat	 exchange	 (WISHE)	 mechanism,	 which	emphasizes	 the	 positive	 feedback	 between	 the	 primary	 circulation	 and	 the	 surface	 heat	fluxes.	The	recent	study	by	Montgomery	and	Smith	(2013),	however,	showed	that	a	tropical	cyclone	 could	 intensify	 without	 such	 a	 positive	 feedback	 in	 idealized	 numerical	 model	simulations.	They	proposed	an	asymmetric	pathway	and	suggested	 that	 tropical	cyclones	can	intensify	via	rotating	cumulonimbus	clouds	that	grow	in	a	vorticity-rich	environment	and	amplify	the	local	vorticity	(Montgomery	and	Smith	2013).	It	is	an	open	question	whether	a	unified	theory	exists	for	tropical	cyclone	formation	and	tropical	cyclone	intensification.	Tropical	cyclone	formation	is	the	process	involving	the	formation	and	intensification	of	an	incipient	vortex.	With	much	weaker	surface	wind	speed	and	 weaker	 and	 less	 organized	 deep	 convection,	 genesis	 may	 be	 different	 from	 the	intensification	 of	 a	 tropical	 cyclone	 and	 is	 likely	more	 susceptible	 to	 the	 environmental	
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impacts.	 The	 WISHE	 theory	 highlights	 the	 finite-amplitude	 instability	 nature	 of	 tropical	cyclogenesis.	That	is,	the	storm	needs	to	exceed	a	certain	intensity	threshold	to	be	amplified	by	a	positive	feedback.	For	this	reason,	Molinari	et	al.	(2004)	proposed	that	tropical	cyclone	formation	consists	of	two	stages,	the	pre-WISHE	stage	and	the	WISHE	stage.	Local	surface	enthalpy	 flux	and	 its	positive	 feedback	with	the	primary	circulation	presumably	 intensify	from	the	pre-WISHE	stage	to	the	WISHE	stage.	On	the	other	hand,	the	system-scale	moisture	convergence	 is	 also	 expected	 to	 increase	 with	 the	 storm	 intensification.	 The	 relative	importance	of	the	local	evaporation	vs.	inward	moisture	flux	at	the	pre-genesis	stage	and	the	evolution	of	their	relative	contributions	from	the	tropical	wave	to	the	tropical	cyclone	stage	are	not	clear.	Since	the	interaction	among	the	primary	circulation,	the	secondary	circulation	and	moist	convection	 is	 the	central	 issue	of	 the	controversy,	a	good	understanding	of	 the	water	 vapor	 budget	 will	 help	 to	 better	 understand	 tropical	 cyclone	 formation	 and	intensification.	 More	 specifically,	 if	 the	 system-scale	 moisture	 convergence	 becomes	dominant	with	 intensification,	 the	 cooperative	 theory	may	 be	more	 relevant	 for	 tropical	cyclone	 formation;	 if	 the	 contribution	 by	 the	 local	 evaporation	 becomes	 increasingly	important,	the	WISHE	theory	may	be	more	relevant.	The	water	vapor	budget	 for	mature	 tropical	 cyclones	has	been	examined	 in	many	previous	studies	using	numerical	model	simulations	or	radar	observations	(Kurihara	1975;	Marks	and	Houze	1987;	Gamache	et	 al.	 1993;	Zhang	et	 al.	 2002;	Braun	2006;	Yang	et	 al.	2011).	 In	 a	 tropical	 cyclone	 simulation	 using	 an	 axisymmetric	 model,	 Kurihara	 (1975)	showed	 that	 the	 overall	 moisture	 budget	 at	 the	 mature	 stage	 was	 dominated	 by	 the	horizontal	 and	 vertical	 advection	 of	 water	 vapor	 and	 net	 condensation.	 Braun	 (2006)	confirmed	 this	 result	 through	 the	 analysis	 of	 a	 high-resolution	 simulation	 of	 Hurricane	
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Bonnie	(1998).	In	particular,	he	showed	that	the	ocean	source	of	water	vapor,	specifically	within	the	eyewall	region,	is	quite	small	relative	to	the	total	net	condensation	and	inward	transport	of	water	vapor.	Yang	et	al.	(2011)	computed	both	the	water	vapor	and	condensate	budgets	using	a	high-resolution	numerical	model	simulation	of	Typhoon	Nari	(2001),	and	showed	that	the	net	horizontal	water	vapor	convergence	for	the	whole	storm	accounted	for	88%	of	the	total	net	condensation	within	a	150-km	radius.			 The	water	vapor	budget	at	the	pre-genesis	stage,	on	the	other	hand,	has	not	been	well	studied.	Fritz	and	Wang	(2013)	showed	that	the	mean	vertical	moisture	transport	plays	the	dominant	 role	 in	 moistening	 the	 free	 atmosphere	 in	 an	 incipient	 tropical	 cyclone	 and	suggested	that	the	upper	troposphere	is	a	potential	weak	spot	for	dry	air	intrusion	at	the	early	stage	of	tropical	cyclone	development.	Fritz	and	Wang	(2013)	also	examined	the	radial	and	vertical	distribution	of	the	water	vapor	budget	terms,	the	impacts	of	upper-level	dry	air	intrusion	and	the	difference	between	a	developing	wave	and	a	nondeveloping	wave.	In	this	chapter,	we	will	further	examine	the	water	vapor	budget.	In	particular,	we	will	examine	the	relative	importance	of	the	local	evaporation	vs.	inward	moisture	flux,	from	the	tropical	wave	 stage	 to	 the	 tropical	 cyclone	 stage	within	 the	 framework	 of	 the	marsupial	paradigm	(Dunkerton	et	al.	2009).	The	marsupial	paradigm	hypothesizes	that	the	cat’s	eye	circulation	within	the	critical	layer	of	a	tropical	wave	provides	a	favorable	local	environment	for	vorticity	aggregation	and	convective	organization	that	leads	to	tropical	cyclone	formation	(Wang	et	al.	2010a,b;	Wang	2012).	It	provides	a	quasi-Lagrangian	framework	to	study	the	pre-genesis	 evolution	 of	 the	 precursor	 disturbance.	 The	 numerical	 model	 and	 analysis	methods	are	described	 in	section	2.2.	Results	are	presented	and	discussed	 in	section	2.3,	followed	by	a	summary	in	section	2.4.	
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2.2	Model	Simulation	and	Analysis	Description	
2.2.1	Numerical	Model	Simulation	Description	The	model	 used	 in	 this	 study	 is	 the	Advanced	Research	WRF	model	 (ARW-WRF),	version	3.2.1	(Skamarock	et	al.	2005).	The	model	is	fully	compressible	and	non-hydrostatic.	A	high-resolution	numerical	model	simulation	was	conducted	for	Tropical	Storm	Fay	(2008)	by	 adopting	 a	 four-grid	 nested	 domain	 with	 horizontal	 grid	 spacing	 of	 27–9–3–1	 km,	respectively.	The	outer	two	grids	are	fixed,	while	the	inner	two	grids	move	with	the	pouch	center	(Wang	2014a,	b;	Fritz	and	Wang	2013).	Convection	was	resolved	explicitly	at	the	grid	scale	except	on	the	outermost	mesh	(27-km	resolution),	where	the	Kain–Fritcsh	cumulus	scheme	(Kain	2004)	was	used.	Other	physics	options	include	the	Yonsei	University	planetary	boundary	layer	scheme	(Hong	et.	al.	2006),	the	Dudhia	(1989)	shortwave	radiation	scheme,	the	 Rapid	 Radiative	 Transfer	 Model	 (RRTM)	 longwave	 radiation	 scheme	 (Mlawer	 et	 al.	1997),	and	the	WRF	single-moment	6-class	(WSM6)	microphysics	scheme.	Prognostic	water	substance	variables	in	the	WSM6	scheme	include	mixing	ratios	of	water	vapor,	cloud	water,	cloud	 ice,	 snow,	 rain,	 and	graupel	 (Hong	and	Lim	2006).	 Initial	 and	boundary	 conditions	were	obtained	from	the	European	Centre	for	Medium-Range	Weather	Forecasts	(ECMWF)	Interim	Re-Analysis	(ERA-Interim)	6-hourly	data.		Tropical	Storm	Fay	(2008)	developed	 from	an	African	easterly	wave	(Brown	et	al.	2010).	 The	wave	 propagated	westward	 along	 a	 nearly	 zonal	 path	 and	 intensified	 into	 a	tropical	 cyclone	 near	 Puerto	 Rico	 on	 August	 15th	 (see	 Figure	 2.1).	 The	 synoptic-scale	overview	of	the	pre-Fay	disturbance	and	the	impacts	of	a	transient	dry	air	intrusion	on	the	storm	development	were	examined	in	Fritz	and	Wang	(2013).	In	addition,	the	statistics	of	convective	processes	and	vertical	vorticity	 from	the	 tropical	wave	 to	 the	 tropical	cyclone	
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stage	and	the	cloud	evolution	and	convective	organization	were	examined	by	Wang	(2014a;	b)	using	 the	 same	model	 simulation.	Readers	are	 referred	 to	Fritz	and	Wang	 (2013)	and	Wang	(2014a;	b)	for	more	details	regarding	the	storm	evolution.		The	simulation	was	started	at	0000	UTC	13	August	2008	and	run	84	h	until	1200	UTC	16	August	2008.	A	tropical	depression	forms	at	0600	UTC	15	August	in	the	model	simulation,	when	a	closed	circulation	develops	at	the	surface	(not	shown);	and	a	tropical	storm	forms	at	1200	 UTC	 15	 August,	 when	 the	 10-meter	maximum	wind	 speed	 exceeds	 17	m	 s-1.	 Both	formation	times	 in	the	model	simulation	are	six	hours	earlier	than	those	 in	the	NHC	Best	Track	data,	and	the	errors	between	the	Best	Track	storm	locations	and	the	simulated	pouch	center	locations	at	the	corresponding	times	are	less	than	one	degree	(Fig.	1	in	Wang	2014a).	The	 favorable	 comparison	of	 the	 simulated	 storm	 track	 and	 intensity	with	 the	NHC	Best	Track	data	suggests	that	the	model	simulation	captures	the	pre-genesis	evolution	reasonably	well.		 The	 simulation	 covers	 the	 tropical	wave,	 the	 tropical	 depression,	 and	 the	 tropical	storm	stages.	This	study	will	focus	on	the	time	frame	between	0300	UTC	14	August	to	1500	UTC	15	August.	The	diagnoses	in	the	following	section	are	carried	out	with	respect	to	the	wave	pouch	center	at	1.5	km	(~850	hPa),	which	was	determined	as	the	intersection	of	the	critical	 latitude	 and	 the	 wave	 trough	 axis.	 The	 propagation	 speed	 of	 the	 precursor	disturbance	was	estimated	based	on	the	Hovmoller	diagram	of	total	precipitable	water	and	700-hPa	meridional	winds	(Fig.	2.2).	The	average	of	the	two	speeds	(-7.0	m	s-1)	was	used	to	determine	the	critical	latitude.	
2.2.2	Water	Vapor	Budget	Formulation		 The	water	vapor	budget	equation	in	cylindrical	coordinates	can	be	written	as,	
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u	 and	w	 are	 the	 radial	 and	 vertical	 velocities	 in	 the	wave	 co-moving	 frame	 of	 reference,	respectively.	 The	 term	 on	 the	 left-hand	 side	 (LHS)	 of	 the	 equation	 is	 the	 water	 vapor	tendency	in	the	wave	co-moving	frame	of	reference;	the	first	two	terms	on	the	right-hand	side	 (RHS)	 are	 the	 horizontal	 moisture	 flux	 convergence	 and	 the	 vertical	 moisture	 flux	convergence.	The	 third	 term	 is	 the	divergence	 term;	NC	 represents	 the	net	 condensation	(positive	values	mean	condensation	and	deposition	exceeding	evaporation	and	sublimation)	per	unit	mass;	Bv	represents	the	contribution	of	the	planetary	boundary	layer	processes	to	the	vapor	budget	per	unit	mass;	and	R	is	the	residual	term.	NC	and	Bv	are	output	directly	from	the	model,	and	the	remaining	terms	are	derived	from	the	WRF	model	output.		 To	evaluate	the	water	vapor	budget	for	a	layer	between	two	pressure	surfaces,	we	can	integrate	Eq.	(2.1).	Using	the	continuity	equation	and	the	divergence	theorem,	we	have			
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	where	t	represents	the	volume	( dτ = dxdydz = −r (ρg)dλdrdp );	 	is	the	density	of	dry	air;	g	represents	gravitational	constant;	P1	and	P2	are	the	bottom	and	top	pressure	surfaces;	r0	is	the	radius	of	the	cylinder;	and	!	is	the	azimuth.	The	term	on	the	LHS	is	the	volume-integrated	
ρ
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water	vapor	tendency	(TEN);	the	first	term	on	the	RHS	is	the	inward	moisture	flux	(HFX)	between	P1	 and	P2;	 the	 second	 term	 is	 the	 difference	 of	 the	 vertical	moisture	 flux	 (VFX)	between	the	top	and	bottom	pressure	surfaces	(or	the	net	vertical	moisture	influx);	and	the	last	two	terms	are	the	volume-integrated	net	condensation	(NC)	and	the	oceanic	source	term	(OS)	related	to	the	planetary	boundary	layer	processes,	respectively.	The	3D	divergence	term	in	 Eq.	 (2.1)	 is	 negligible	 (i.e.,	 the	 flow	 is	 approximately	 incompressible)	 and	 has	 been	dropped	 from	Eq.	 (2.2)	 (Braun	 2006;	 Fritz	 and	Wang	 2013).	 The	 residual	 term	 includes	diffusion	and	artificial	source	terms	by	setting	negative	mixing	ratios	to	zero	and	is	small	compared	to	HFX,	VFX,	and	NC.	We	will	exclude	the	residual	term	in	our	following	analysis	for	simplicity,	which	does	not	affect	our	conclusion	on	the	relative	importance	of	the	OS	and	
HFX	terms.	For	the	planetary	boundary	layer,	since	the	vertical	velocity	and	the	vertical	moisture	flux	at	the	surface	are	nearly	zero,	the	budget	equation	can	be	simplified	to,			
														TEN	=	HFX	–	VFX(850)	–	NC	+	OS	 	 																															(2.3)	
	where	VFX(850)	is	the	upward	moisture	flux	at	the	top	of	the	planetary	boundary	layer	(the	negative	sign	indicates	the	moisture	flux	out	of	the	layer).		Above	 the	 boundary	 layer,	 the	OS	 term	 can	 be	 neglected.	 The	 budget	 equation	 is	reduced	to		
																 	 									TEN	=	HFX	+	[VFX(P1)	–	VFX(P2)]	–	NC																																														(2.4)		
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where	VFX	(P1)	and	VFX(P2)	are	the	upward	moisture	flux	across	the	bottom	and	top	pressure	surfaces.	The	budget	terms	are	evaluated	within	200	km	of	the	pouch	center	in	the	following	section.	The	robustness	of	the	results	with	respect	to	the	radius	is	examined	in	section	2.3.	
2.2.3	Description	of	Tropospheric	Layers	The	 water	 vapor	 budget	 is	 examined	 for	 three	 tropospheric	 layers:	 the	 planetary	boundary	layer	(PBL),	the	lower	troposphere	layer	(LTL),	and	the	upper	troposphere	layer	(UTL).	The	PBL	is	where	strong	horizontal	moisture	convergence	occurs	and	is	the	water	vapor	 reservoir	 for	 convection	and	condensation	 in	 the	 free	 troposphere	 (Gamache	et	al.	1993;	Braun	2006;	Fritz	and	Wang	2013).	Intensification	of	the	primary	circulation	is	closely	related	to	the	boundary	 layer	convergence	(e.g.,	Wang	2012).	 	Budget	analysis	within	the	PBL	helps	to	understand	the	roles	of	the	positive	feedback	between	the	surface	wind	and	the	local	evaporation	(i.e.,	the	WISHE	mechanism;	Emanuel	1986;	Emanuel	1987;	Neelin	et	al.	1987;	 Rotunno	 and	 Emanuel	 1987)	 and	 the	 positive	 feedback	 between	 the	 primary	circulation	and	the	secondary	circulation	in	tropical	cyclone	formation.	We	define	the	PBL	as	a	layer	below	850	hPa,	although	the	top	of	the	boundary	layer	can	extend	above	850	hPa	for	a	tropical	cyclone	(Fig.	2.3).	The	LTL	is	defined	as	the	layer	between	850	and	500	hPa	(Fig.	2.4),	and	the	UTL	is	defined	as	the	layer	between	500	and	100	hPa	(Fig.	2.5).	Moistening	of	the	 lower	 to	middle	 troposphere	 has	 been	 suggested	 to	 be	 important	 for	 genesis	 (Wang	2012;	Nolan	 2007;	 Braun	 2010).	Wang	 (2014b)	 showed	 that	 cumulus	 congestus	 plays	 a	dominant	 role	 in	moistening	 the	 lower	 to	middle	 troposphere	 prior	 to	 genesis	 and	 that	moistening	of	the	upper	troposphere	is	mainly	due	to	deep	convection.	Since	500	hPa	is	close	
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to	 the	 mean	 height	 of	 congestus	 clouds,	 it	 is	 used	 to	 separate	 the	 upper	 and	 lower	troposphere.	
	
2.3	Water	Vapor	Budget	Analysis	
2.3.1	Planetary	Boundary	Layer	For	the	water	vapor	budget	in	the	PBL,	we	will	address	three	specific	questions:	i)	What	is	the	major	water	vapor	balance	in	the	PBL?	ii)	What	is	the	relative	contribution	of	the	local	evaporation	within	the	wave	pouch	compared	to	the	horizontal	moisture	convergence	from	 outside	 of	 the	 pouch?	 iii)	 Does	 the	 fractional	 contribution	 of	 the	 local	 evaporation	increase	as	the	disturbance	transitions	from	a	tropical	wave	to	a	tropical	cyclone?	To	address	the	first	question,	the	time	series	of	HFX(PBL),	VFX(850),	NC(PBL)	and	OS	are	shown	in	Fig.	2.6	for	a	200-km	radius	from	the	pouch	center.	VFX(PBL)	and	HFX(PBL)	have	similar	magnitudes	and	vary	in	phase.	Both	are	much	larger	than	NC(PBL)	and	OS.	This	suggests	that	the	primary	moisture	source	within	the	PBL	is	the	inward	moisture	flux,	and	the	primary	moisture	sink	is	the	upward	moisture	transport;	or,	 in	other	words,	the	local	evaporation	 makes	 a	 small	 contribution	 to	 the	 moisture	 supply.	 While	 HFX(PBL)	 and	
VFX(850)	are	both	subject	to	the	modulation	of	the	diurnal	cycle	and	peak	around	1000	UTC,	there	is	a	discernible	increasing	trend	as	the	storm	intensifies.		To	evaluate	the	relative	contribution	by	the	local	evaporation,	we	calculate	the	ratio	of	the	ocean	source	term	to	the	horizontal	moisture	flux	across	a	200-km	radius	below	850	hPa	(Fig.	2.7)	from	0300	UTC	14	August	to	1500	UTC	15	August	2008.	The	ocean	source	term	represents	the	contribution	by	the	local	evaporation	within	the	wave	pouch.	The	ratio	varies	
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from	20%	during	peak	convective	periods	(i.e.,	0300-1200	UTC)	to	about	70%	in	non-peak	convective	periods,	and	the	large	variability	is	mainly	due	to	the	diurnal	variation	of	HFX.	The	ratio	averaged	over	a	few	nine-hour	periods	before	(T1,	T2,	and	T3)	and	after	genesis	(T4)	is	shown	in	Fig.	2.7b.		Prior	to	genesis,	the	ratio	is	~28-36%	during	the	peak	convective	periods	(T1	and	T3)	and	approximately	68%	during	the	nonpeak	convective	period	(T2),	with	an	average	of	43%	for	the	27-h	time	period.	Following	genesis,	the	local	evaporation	accounts	 for	about	22%	of	 the	 inward	moisture	transport	within	the	PBL.	The	number	 is	close	to	Yang	et	al.’s	(2011)	finding	that	the	evaporation	from	the	ocean’s	surface	accounts	for	11%	of	the	inward	horizontal	vapor	transport	within	the	boundary	layer	of	Typhoon	Nari	(2001).	The	quantitative	difference	in	the	ratios	between	this	study	and	Yang	et	al.	(2011)	is	likely	 related	 to	different	 storm	 intensities.	Although	 the	budget	 terms	are	subject	 to	 the	impacts	of	the	diurnal	cycle,	the	reduced	ratio	of	OS	to	HFX(PBL)	after	genesis	cannot	simply	be	attributed	to	the	diurnal	cycle	because	the	post-genesis	mean	ratio	is	lower	than	the	mean	ratio	during	any	of	 the	 three	pregenesis	periods.	 It	 suggests	 that	 the	horizontal	moisture	convergence	 makes	 a	 major	 and	 increasing	 contribution	 to	 the	 moisture	 supply.	 The	decreasing	 relative	 contribution	 by	 the	 local	 evaporation	 (or	 the	 increasing	 relative	contribution	 by	 the	 horizontal	 moisture	 convergence)	 with	 the	 storm	 intensification	suggests	 that	 the	 positive	 feedback	 between	 the	 primary	 circulation	 and	 the	 secondary	circulation,	rather	than	the	positive	feedback	between	wind	speed	and	the	local	evaporation,	plays	an	important	role	in	tropical	cyclone	development.			 Since	the	boundary	layer	is	the	moisture	reservoir,	it	is	illuminating	to	examine	the	contribution	 of	 the	 boundary	 layer	 moisture	 convergence	 to	 the	 total	 net	 condensation	within	an	air	column.	Figure	2.7c	shows	the	ratio	of	PBL	horizontal	moisture	influx	to	the	
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total	net	condensation	between	1000	and	100	hPa	for	the	same	9-h	periods	as	in	Fig.	2.7b.	The	ratio	varies	between	45%	and	95%	prior	to	genesis,	where	the	maximum	ratio	coincides	with	the	time	of	peak	convection.	Interestingly,	the	ratio	of	the	boundary	layer	HFX	to	the	total	NC	at	the	tropical	cyclone	stage	(56%)	is	 lower	than	the	mean	ratio	prior	to	genesis	(68%).		As	shown	later	in	this	section,	the	decrease	in	this	ratio	is	due	to	the	deepening	of	the	 secondary	 circulation	 and	 the	 increasing	 inward	 moisture	 transport	 in	 the	 lower	troposphere.	
2.3.2	Middle	and	Upper	Troposphere		 The	time	series	of	the	horizontal	moisture	influx	in	the	lower	to	mid-troposphere	is	shown	in	Fig.	2.8a.	Prior	to	genesis,	HFX	within	the	LTL	(Fig.	2.8a)	has	strong	fluctuations	between	positive	and	negative	values,	and	is	much	weaker	than	the	HFX	in	the	PBL	at	most	times.	 Horizontal	 moisture	 convergence	 in	 the	 LTL	 increases	 approaching	 genesis	 and	becomes	 comparable	 to	 that	 in	 the	 PBL,	 which	 is	 owing	 to	 a	 deeper	 inflow	 layer	 at	 the	tropical	cyclone	stage	than	at	the	tropical	wave	stage.	To	better	illustrate	this	increase,	Fig.	2.8b	shows	the	ratio	of	the	net	horizontal	moisture	flux	in	the	LTL	to	the	total	condensation	in	 the	 column	 between	 1000	 and	 100	 hPa.	 Following	 genesis,	 the	 horizontal	 moisture	transport	above	the	PBL	accounts	for	30%	of	the	total	condensation	in	comparison	to	-3%	(27-h	average)	prior	to	genesis.	Also	shown	in	Fig.	2.8a	are	the	vertical	moisture	fluxes	through	850	hPa	(from	the	PBL	to	the	LTL)	and	through	500	hPa	(from	the	LTL	to	UTL).	VFX(850)	and	VFX(500)	both	have	a	strong	diurnal	cycle,	and	the	former	exceeds	the	latter	by	up	to	60%.	Also,	note	that	
VFX(500)	and	HFX(500)	have	similar	magnitudes	and	vary	in	phase	but	slightly	lag	behind	
VFX(850)	and	HFX(PBL),	and	the	amplification	of	the	HFX,	both	in	the	PBL	and	LTL,	coincides	
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with	peak	convection	(see	the	time	series	of	the	total	NC	in	Fig.	2.11a)	
	 The	major	 vapor	 balance	 in	 the	 upper	 troposphere	 persists	 between	NC	 and	 the	upward	moisture	 transport	across	500	hPa	(VFX(500))	 (Fig.	2.9).	This	suggests	 that	deep	convection	transports	moisture	into	the	upper	troposphere	(>500	hPa)	and	that	water	vapor	is	removed	from	the	column	via	condensation	or	deposition.	The	horizontal	moisture	flux	is	below	 but	 close	 to	 zero,	 indicating	 weak	 outward	 water	 vapor	 transport	 in	 the	 upper-troposphere.	The	vertical	moisture	 flux	across	100	hPa	(not	shown)	 is	also	much	smaller	than	NC(UTL)	or	VFX(500).	NC(UTL)	and	VFX(500)	vary	in	phase	and	peak	around	35	h	(1100	UTC),	which	is	consistent	with	the	diurnal	cycle	of	deep	convection.	An	increasing	trend	is	discernible	 in	 both	 time	 series.	 As	 a	 reference,	 the	 horizontal	 and	 vertical	 fluxes	 of	 total	condensate	(cloud	water,	ice,	snow	and	graupel)	are	also	shown	in	Fig.	2.9.	It	is	shown	that	the	vertical	flux	of	total	condensate	across	500	hPa	(TCVFX(500))	is	much	larger	than	the	horizontal	flux	of	total	condensate	(TCHFX(UTL)).	Also,	the	vertical	flux	of	total	condensate	across	100	hPa	(TCVFX(100)),	or	the	transport	of	hydrometeor	due	to	overshooting,	is	also	quite	small.	
2.3.3	Water	Vapor	Budget	for	the	Tropospheric	Column	Figure	2.10	shows	the	contributions	by	the	vertically	integrated	inward	moisture	flux	and	 the	ocean	 source	 term	 to	 the	 total	 net	 condensation	 in	 the	 column	within	 a	200-km	radius	 at	 different	 time	 periods.	 Despite	 the	 strong	 diurnal	 cycle	 of	 convection	 prior	 to	genesis,	 the	 ratio	 of	 the	 vertically	 integrated	 inward	 moisture	 flux	 to	 the	 total	 net	condensation	is	rather	steady	and	is	close	to	two	thirds.	After	genesis,	the	ratio	increases	to	86%.	The	contribution	of	the	OS	term	is	much	smaller	and	between	about	20	and	30%	prior	
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to	genesis,	dropping	to	12%	after	genesis1.	The	decrease	in	the	fractional	contribution	of	the	local	 evaporation,	 or	 the	 increase	 in	 the	 fractional	 contribution	 of	 the	 total	 horizontal	moisture	influx,	is	due	to	the	strengthening	of	the	low-level	convergence	associated	with	the	secondary	circulation	(see	the	time	series	of	the	900-hPa	azimuthally	averaged	radial	flow	in	 Fig.	 2.10b).	 The	 intensification	 of	 the	 secondary	 circulation	 can	 be	 attributed	 to	 the	organized	convection	and	the	concentrated	diabatic	heating	near	the	center	of	the	circulation	(see	Fig.	2.12	and	the	discussion	in	section	2.4).	On	the	other	hand,	the	organized	and	intense	convection	 is	 fueled	 by	 the	 strong	 low-level	 moisture	 convergence,	 and	 the	 significant	intensification	of	the	tropical	cyclone	vortex	follows	the	peak	convection	and	occurs	with	the	strong	low-level	convergence	(see	radial	and	tangential	wind	speeds	in	Fig.	2.10b	and	the	total	net	condensation	in	Fig.	2.11a).	The	system-scale	intensification	due	to	the	low-level	convergence	has	been	examined	in	some	previous	studies	(e.g.,	Tory	and	Montgomery	2008;	Wang	 et	 al.	 2010a;	Montgomery	 and	 Smith	 2010;	 Fang	 and	 Zhang	 2010;	Raymond	 et	 al.	2011).	 Briefly	 speaking,	 the	 increasing	 fractional	 contribution	 of	 the	 horizontal	moisture	convergence	 with	 the	 storm	 intensity	 reflects	 the	 positive	 feedback	 among	 the	 primary	circulation,	the	secondary	circulation,	and	convection.	
2.3.4	Results	for	Different	Radii	Analyses	 of	 the	 moisture	 budget	 at	 other	 radii	 were	 investigated	 to	 test	 the	robustness	 of	 the	 results.	 Table	 2.1	 compares	 the	 100-	 and	 300-km	 radii,	 respectively.		Despite	 the	 quantitative	 differences,	 the	 calculations	with	 the	 100-km	 and	 300-km	 radii	support	the	findings	with	a	200-km	radius:	i)	the	local	evaporation	makes	a	much	smaller	
																																																						
1	The	sum	of	the	two	ratios,	THFX/TNC	and	OS/TNC,	is	not	100%	due	to	the	variation	of	the	column	water	vapor	or	the	non-zero	tendency	term	(TEN)	(Fig.	2.11).	
	 23	
contribution	to	the	total	moisture	supply	than	the	inward	moisture	transport	on	average,	and	the	ratio	of	the	local	evaporation	to	HFX(PBL)	decreases	from	the	tropical	wave	to	the	tropical	cyclone	stage;	 ii)	 the	contribution	of	 the	vertical	 integrated	 inward	moisture	 flux	(i.e.,	the	total	HFX)	to	the	vertically	integrated	net	condensation	(total	NC)	increases	from	the	tropical	wave	stage	to	the	tropical	cyclone	stage,	which	implies	that	the	contribution	by	the	local	evaporation	decreases;	iii)	the	inward	moisture	transport	in	the	boundary	layer	makes	a	major	contribution	(>50%)	to	the	total	condensation,	and	the	inward	moisture	flux	in	the	lower	 troposphere	 increases	significantly	after	genesis.	On	 the	other	hand,	Table	2.1	also	shows	 that	 the	 fractional	 contribution	by	 the	 local	 evaporation	 increases	with	 increasing	radius	(or	area).	For	example,	the	local	evaporation	accounts	for	50%	of	the	inward	moisture	transport	 in	 the	 boundary	 layer	 moisture	 within	 a	 300-km	 radius	 during	 the	 27-h	 pre-genesis	time	period	and	exceeds	the	inward	moisture	transport	during	36-45	h,	a	time	period	of	inactive	convection.	It	is	also	worth	noting	that	the	horizontal	moisture	transport	in	the	lower	troposphere	(850-500	hPa)	is	rather	weak	at	different	radii	prior	to	genesis	(varying	from	-32%	to	9%	of	the	total	NC	on	average).		Table	 2.1	 also	 shows	 that	 the	 ratio	 of	 the	 total	 HFX	 to	 the	 total	 NC	 has	 large	fluctuations	and	is	rather	low	during	T3,	a	time	period	of	reduced	convection	(indicated	by	the	drop	in	total	net	condensation	in	Fig.	2.11a).	The	drop	of	the	ratio	is	due	to	a	substantial	reduction	of	the	total	inward	moisture	flux	around	45	h,	instead	of	a	significant	increase	in	the	OS	term.	The	decrease	in	the	total	inward	moisture	flux	is	accompanied	by	a	decrease	in	the	 column	water	vapor	 (CWV)	at	45	h,	 and	coincides	with	a	 large	vertical	displacement	between	 the	 low-level	 vortex	 core	 and	 the	 upper-level	 vortex	 core	 (Fig.	 2.11b).	 In	comparison,	 variations	 of	 CWV	 are	 inversely	 related	 to	 the	 vertical	 displacement	 of	 the	
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pouch	center	between	1.5-	and	5-km	altitudes.	This	is	consistent	with	Raymond	and	Lopez	Carrillo’s	 (2011)	 and	Wang	 et	 al.’s	 (2012)	 findings	 that	 a	 vertically	 aligned	wave	 pouch	provides	a	deep	protected	region	from	environmental	influences.	Figure	2.12	shows	the	vertical	profiles	of	horizontal	moisture	flux,	vertical	flux,	and	net	condensation	averaged	with	different	radii	(100,	200	and	300	km)	over	24	h	leading	up	to	and	following	genesis.	All	the	variables	increase	after	genesis.	It	is	worth	noting	that	the	areal	 averages	 increase	 with	 decreasing	 radius.	 The	 stronger	 inward	 moisture	 flux	 and	stronger	vertical	moisture	flux	in	the	inner	pouch	region	indicate	organized	convection	near	the	 pouch	 center.	 The	 concentrated	 diabatic	 heating	 (Fig.	 2.12c)	 effectively	 drives	 the	transverse	 circulation,	 increases	 the	 low-level	 moisture	 convergence	 and	 intensifies	 the	primary	circulation	via	vortex	stretching.	Fig.	2.12a	also	provides	the	visualization	for	the	deepening	inflow	layer	after	genesis,	especially	for	a	100-km	radius.		
2.3.5	Model	Sensitivity	Experiment		 To	 test	 the	 sensitivity	 of	 the	 finding	 to	 the	 model	 physics,	 a	 series	 of	 sensitivity	experiments	were	carried	out.	We	first	completed	a	simulation	with	the	same	model	physics	and	configuration	as	the	control	run,	except	that	the	innermost	grid	with	the	resolution	of	1	km	 was	 dropped.	 The	 evolution	 of	 the	 storm	 and	 water	 vapor	 budget	 terms	 from	 this	simulation	(“Coarse”)	 is	close	to	 that	 from	the	control	run	(Fig.	2.13),	suggesting	that	 the	water	vapor	budget	 is	not	very	 sensitive	 to	 the	model	 resolution.	To	 save	 computational	time,	we	thus	adopted	the	configuration	of	three	nested	grids	(with	resolution	of	27,	9,	and	3	km)	for	the	sensitivity	experiments	(Table	2.2).		Goddard	(Tao	et	al.	1989)	and	Lin	(Lin	et	al.	1983)	schemes	were	used	to	test	 the	sensitivity	to	the	microphysics	schemes.	Sensitivity	to	the	surface	bulk	drag	and	enthalpy	
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coefficients	was	also	analyzed.	The	WRF-ARW	model	has	three	options	for	the	air-sea	flux	parameterizations:	option	0,	1	and	2.	These	options	differ	in	the	exchange	coefficients	for	drag	(CD),	sensible	heat	(CH),	and	latent	heat	(CQ)	(Green	and	Zhang	2013).	In	option	0,	CD	is	equal	to	CH,	and	larger	than	CQ.	The	three	exchange	coefficients	all	increase	monotonically	with	wind	speed.	In	option	1,	CD,	CH	and	CQ	all	level	off	at	high	wind	speeds.	Option	2	has	the	same	CD	as	option	1,	but	CH	and	CQ	are	smaller	than	those	in	option	1	and	decrease	slightly	with	wind	speed	at	high	wind	speeds.	Among	the	three	options,	option	0	has	the	largest	CH	and	CQ	except	at	very	weak	wind	speeds	 (<~3	m	s-1).	Readers	are	 referred	 to	Green	and	Zhang	(2013)	for	more	technical	details.	Although	options	1	and	2	were	suggested	to	be	more	realistic	than	option	0,	the	simulations	with	WSM6	and	option	1	or	2	and	the	simulation	using	Lin	and	option	2	did	not	produce	a	tropical	cyclone.	This	could	be	due	to	error	compensation	in	the	model,	and	it	is	also	possible	that	the	air-sea	flux	parameterization	option	0	does	not	perform	too	badly	for	a	weak	tropical	cyclone	like	Fay.	We	also	tested	different	boundary	layer	schemes:	the	Mellor-Yamada-Janjic	(Eta)	TKE	scheme,	the	Mellor-Yamada-Nakanishi-Niino	 (MYNN)	 third-level	 TKE	 scheme,	 and	 the	 medium-range	 forecast	 (MRF)	 scheme.	Unfortunately,	none	of	these	simulations	produced	a	tropical	cyclone.	The	five	simulations	that	produce	a	tropical	cyclone	were	examined	and	compared	to	the	control	run.	Although	the	 simulation	 using	WSM6	 and	 option	 1	 did	 not	 produce	 a	 tropical	 cyclone,	 it	was	 also	examined	for	reference.			 Figure	 2.13a	 shows	 the	 10-m	wind	 speed	 evolution	 from	0300	UTC	 14	August	 to	15UTC	 15	 August	 2008	 for	 the	 sensitivity	 experiments	 as	 well	 as	 the	 control	 run.	 Not	surprisingly,	 there	 exists	 noticeable	 variability	 in	 the	 storm	 intensification.	 However,	 all	experiments	except	WSM6Opt1	produce	a	tropical	cyclone	by	t	=	63	h.	Figure	2.13b	shows	
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the	ratio	of	the	ocean	source	term	to	the	horizontal	moisture	flux	across	a	200-km	radius	below	850	hPa	(the	same	as	the	calculations	in	Fig.	2.7).	Despite	the	large	spread,	the	local	evaporation	term	is	smaller	than	the	horizontal	moisture	convergence	term,	and	the	ratio	of	the	 local	 evaporation	 to	HFX	 decreases	 after	 genesis	 in	 all	 sensitivity	 experiments	when	compared	to	the	27-h	pre-genesis	average	(see	Table	2.2).	In	most	experiments,	the	9-h	post-genesis	average	is	smaller	than	any	of	the	three	9-h	pre-genesis	averages.	These	results	are	consistent	with	our	findings	using	the	high-resolution	control	run.		
2.4	Conclusion	and	Discussion	
The	 evolution	 of	 the	 water	 vapor	 budget	 of	 Tropical	 Storm	 Fay	 (2008)	 from	 the	tropical	wave	to	the	tropical	cyclone	stage	was	examined	using	a	high-resolution	numerical	model	 simulation.	We	 focused	on	a	 time	window	 from	27	h	prior	 to	 genesis	 to	9	h	 after	genesis,	and	the	diagnoses	were	carried	out	in	the	framework	of	the	marsupial	paradigm.	It	was	found	that	the	primary	moisture	source	within	the	PBL	is	the	inward	moisture	flux	and	the	primary	moisture	sink	is	the	upward	moisture	transport.	The	local	evaporation	makes	a	smaller	contribution	than	the	inward	moisture	flux,	and	its	fractional	contribution	decreases	from	the	tropical	wave	stage	to	the	tropical	cyclone	stage.	The	horizontal	moisture	transport	between	850-500	hPa	is	much	weaker	than	that	in	the	boundary	layer	prior	to	genesis,	but	it	increases	significantly	after	genesis	due	to	the	deepening	of	the	inflow.	It	is	also	shown	that	vertical	moisture	transport	plays	the	dominant	role	in	moistening	the	free	atmosphere	as	suggested	by	Fritz	and	Wang	(2013).	For	the	upper	troposphere,	the	major	vapor	balance	persists	 between	 the	 net	 condensation-deposition	 and	 the	 upward	 moisture	 transport	across	500	hPa.		
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Conclusions	drawn	from	the	vapor	budget	of	Fay	(2008)	solicit	some	questions	about	the	importance	of	the	local	evaporation	in	tropical	cyclone	development.	Previous	studies	emphasized	the	positive	feedback	between	the	ocean	surface	heat	fluxes	and	the	primary	circulation	for	tropical	cyclone	intensification	(Emanuel	1986;	Emanuel	1987;	Rotunno	and	Emanuel	 1987).	 The	 WISHE	 theory	 assumes	 a	 symmetric	 balanced	 model.	 A	 stronger	negative	radial	gradient	of	specific	humidity	or	equivalent	potential	temperature	leads	to	a	stronger	warm	core	structure	and	an	increase	in	tangential	wind	speed	under	the	thermal	wind	balance.	While	this	description	succinctly	describes	the	control	of	the	boundary	layer	thermodynamics	 on	 the	 storm	 intensification	 and	 suggests	 that	 a	 stronger	 surface	wind	speed	would	likely	induce	stronger	surface	heat	flux	(do	not	disagree),	this	diagnosis	implies	that	 the	 increase	 in	 specific	 humidity	 or	 equivalent	 potential	 temperature	 near	 the	circulation	 center	 and	 thus	 a	 stronger	 radial	 gradient	 are	 primarily	 contributed	 by	 the	inward	moisture	 flux.	This	suggests	 that	 the	role	of	 the	 local	evaporation	and	 its	positive	interaction	with	the	primary	circulation	may	not	be	as	important	as	generally	appreciated.	By	contrast,	the	increase	in	the	fractional	contribution	by	the	inward	moisture	flux	(in	the	PBL	and	the	lower	troposphere)	with	the	storm	intensification	implies	the	importance	of	the	positive	feedback	between	the	primary	circulation	and	the	secondary	circulation	for	tropical	cyclone	development.		This	study,	however,	should	not	be	interpreted	so	that	the	local	evaporation	is	not	important	for	tropical	cyclone	formation.	As	shown	in	Fig.	2.7,	the	local	evaporation	is	60-70%	 of	 the	 horizontal	moisture	 influx	 in	 the	 PBL	 in	 the	 inactive	 phase	 of	 convection.	 It	suggests	 that	 the	 local	 evaporation	 plays	 an	 important,	 but	 not	 dominant,	 role	 in	replenishing	 the	 column	 moisture	 when	 convection	 is	 inactive	 and	 the	 low-level	
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convergence	is	relatively	weak.	To	simplify	the	budget	evaluation	in	different	layers,	we	set	the	boundary	layer	height	as	a	constant.	This	way	we	can	exclude	the	contribution	of	a	varying	boundary	layer	height	to	the	variations	of	the	HFX(PBL).	One	could	argue	that	the	boundary	layer	depth	increases	in	 a	more	 convectively	 active	 condition,	 and	 the	 fractional	 contribution	 of	 the	HFX(PBL)	would	be	even	larger	with	an	increasing	boundary	layer	depth.	Also	note	that	the	ratio	of	OS	to	the	total	HFX	(or	the	total	NC)	is	independent	of	the	boundary	layer	depth.	The	assumption	of	a	constant	PBL	height	thus	does	not	affect	these	results	qualitatively.	The	robustness	of	the	results	is	also	confirmed	by	further	sensitivity	tests	with	different	model	physics.	On	the	other	hand,	 this	study	 is	admittedly	based	on	 the	numerical	model	simulation	of	a	single	storm,	and	whether	the	findings	can	be	generalized	warrants	further	study.	It	would	also	be	interesting	to	examine	how	the	fractional	contribution	of	the	local	evaporation	to	the	total	net	condensation	varies	with	the	intensity	change	of	a	hurricane.		 	
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2.5	Tables	and	Figures		Table	2.1.	Shows	ratios	at	different	radii	(i.e.	100	km	and	300	km)	for	the	OS	and	HFX	within	the	PBL;	the	HFX	within	the	PBL	and	total	NC;	the	HFX	in	the	lower	troposphere	and	total	NC;	and	total	HFX	and	total	NC.	
		 	
Time OS/HFX(PBL) HFX(PBL)/Total NC
Average (h) 100 km 300 km 100 km 300 km
27 – 36 0.18 0.27 1.43 1.06
36 – 45 0.42 1.22 0.86 0.4
45 – 54 0.38 0.17 0.94 0.48
27 – 54 0.26 0.5 1.11 0.66
54 – 63 0.09 0.33 0.65 0.53
HFX(LTL)/Total NC Total HFX/Total NC
100 km 300 km 100 km 300 km
27 – 36 -0.55 0.02 0.84 0.99
36 – 45 -0.1 0.22 0.83 0.63
45 – 54 -0.3 0.05 0.74 0.57
27 – 54 -0.32 0.09 0.82 0.74
54 – 63 0.28 0.24 0.9 0.78
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Table	2.2.	Shows	the	sensitivity	experiments	completed	with	changes	in	the	microphysics	schemes	and	surface	bulk	drag	and	enthalpy	coefficients;	and	the	ratio	of	the	ocean	source	to	the	horizontal	moisture	flux	in	the	PBL	within	a	200-km	radius.	
		 	
 Experiments Microphysics PBL Air-sea Flux TC OS/HFXPBL T27h OS/HFXPBL T4
Coarse WSM6 YSU 0 Y 36% 19%
WSM6Opt1 --- --- 1 N 63% 31%
GoddardOpt0 Goddard --- 0 Y 40% 22%
GoddardOpt1 Goddard --- 1 Y 70% 25%
GoddardOpt2 Goddard --- 2 Y 53% 40%
LinOpt0 Lin --- 0 Y 27% 19%
LinOpt1 Lin --- 1 Y 62% 23%
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	Figure	2.1.	The	CIMSS	TPW	(shading)	and	850-hPa	storm-relative	streamlines.	(right)	The	GOES	IR	imagery	(shading)	and	the	700-hPa	storm-relative	streamlines	from	(top	to	bottom)	1200	 UTC	 11	 Aug	 2008	 to	 1200	 UTC	 15	 Aug	 2008.	 The	 pouch	 center	 of	 the	 pre-Fay	disturbance	 is	 indicated	 by	 the	 intersection	 of	 the	 critical	 latitude	 (pink	 lines)	 and	 the	easterly	wave	trough	axis	(black	lines)	in	the	panels	(from	Fritz	and	Wang	2013).		 	
(a) (b)
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Figure	2.2.	Hovmöller	diagram	used	to	calculate	wave	phase	speed	of	the	wave	precursor	with	a	reference	latitude	of	18.4N.	(Top)	TPW.	(Lower)	v-component	of	the	wind.		Shows	the	average	phase	speed	of	the	wave	pouch	is	about	-7.0	m	s-1.		 	
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		Figure	2.3.	Schematic	of	planetary	boundary	layer	(PBL).	
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		Figure	2.4.	Schematic	of	the	lower	troposphere	(LTL).	
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		Figure	2.5.	Schematic	of	the	upper	troposphere	(UTL).	
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		Figure	2.6.	Horizontal	moisture	 flux	 (red	curve),	vertical	moisture	 flux	 (green	curve),	net	condensation	 (blue	curve),	 and	ocean	source	 (orange	curve)	 in	 the	PBL	within	a	200-km	radius	of	the	pouch	center	from	03Z14AUG	(27	h)	to	15Z15AUG	(63	h).	The	units	are	in	107	kg	s-1.	Time	of	genesis	in	the	model	simulation	(i.e.,	54h)	is	denoted	by	‘G’.		 	
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	Figure	2.7.		(a)	The	ratio	of	the	oceans	source	of	water	vapor	to	the	horizontal	moisture	flux	within	a	200-km	radius	in	the	PBL	(solid	curve);	(b)	the	ratios	of	the	ocean	source	to	the	inward	moisture	 flux	 during	 different	 time	 periods;	 and	 (c)	 the	 ratios	 of	 the	 horizontal	moisture	flux	to	the	total	net	condensation	during	different	time	periods.	“G”	denotes	the	genesis	time	in	(a).	In	(b)	and	(c)	T1-T4	represent	9-hour	increments	beginning	at	0300	UTC	14	Aug	and	ending	at	1500	UTC	15	Aug,	and	the	black	horizontal	line	represents	the	27-hour	average	prior	to	genesis	(T27h).			 	
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	Figure	2.8.		(a)	Time	series	of	the	horizontal	moisture	flux	in	the	PBL	(red	solid	curve)	and	in	the	LTL	(red	dashed	curve),	and	the	vertical	moisture	flux	at	850	hPa	(green	solid	curve)	and	at	500	hPa	(green	dashed	curve);	(b)	the	ratios	of	the	horizontal	flux	in	the	LTL	to	the	total	net	condensation	within	a	200-km	radius.	The	units	in	(a)	are	in	107	kg	s-1	and	the	gray	solid	line	in	(b)	represents	the	pre-genesis	average	over	27	hours.		
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	Figure	2.9.	 	Major	 vapor	budget	 terms	 in	 the	upper	 tropospheric	 layer:	 net	 condensation	(NC(UTL);	blue	solid	curve);	vertical	moisture	flux	at	500	hPa	(VFX(500);	green	solid	curve);	horizontal	 moisture	 flux	 ((HFX(UTL);	 red	 solid	 curve);	 vertical	 moisture	 flux	 of	 total	condensate	(TCVFX(500);	green	dashed	curve);	horizontal	moisture	flux	of	total	condensate	(TCHFX(UTL);	red	dashed	curve);	and	vertical	moisture	flux	of	total	condensate	across	100	hPa	(TCVFX(100);	light	green	dashed	curve).	The	units	are	in	kg	s-1.		
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	Figure	2.10.	(a)	Ratios	of	the	horizontal	flux	(gray)	and	the	ocean	source	(black)	to	the	total	net	condensation	in	four	nine-hour	periods	and	(b)	radial	(red	curve)	and	tangential	(black	curve)	wind	speeds	at	a	200-km	radius	from	9-km	domain.	The	two	horizontal	lines	in	(a)	indicate	the	pre-genesis	averages	over	27	hours	(T1-T3).		
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	Figure	2.11.	(a)	Time	series	of	the	total	NC	(blue	solid	curve),	total	HFX	(red	solid	curve),	and	ocean	source	(orange	solid	curve);	(b)	time	series	of	the	column	water	vapor	(CWV)	(solid	curve;	 units:	 x1012	 kg)	 and	 horizontal	 distance	 between	 the	 1.5-km	 and	 the	 5-km	pouch	center	(dashed	curve;	units:	degrees).		
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	Figure	2.12.	 	(a)	Azimuthally	mean	horizontal	moisture	flux	(positive	for	inward	flux),	(b)	areal	mean	vertical	flux	and	(c)	areal	mean	net	condensation	for	radii	of	100	km	(blue	curve),	200	km	(red	curve)	and	300	km	(green	curve).	Dashed	curves	represent	a	temporal	average	of	24	h	prior	to	genesis	and	solid	curves	represent	a	temporal	average	of	24	h	after	genesis.	The	units	are	in	kg	s-1	m-2.		 	
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		Figure	2.13.	(a)	Time	series	of	the	10-m	wind	speed	and	(b)	the	ratio	of	the	oceans	source	of	water	vapor	to	the	total	inward	moisture	flux	within	a	200-km	radius	for	different	sensitivity	experiments:	 GoddardOpt0	 (red),	 GoddardOpt1	 (blue),	 GoddardOpt2	 (green),	 LinOpt0	(orange),	 LinOpt1	 (navy	 blue),	 WSM6Opt1	 (gray),	 and	 Coarse	 (black).	 T1-T4	 in	 (b)	represents	9-hour	increments	beginning	at	0300	UTC	14	Aug	and	ending	at	1500	UTC	15	Aug.		
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CHAPTER	3	
*Vertical	Structure	and	Contribution	of	
Different	Types	of	Clouds	during	Atlantic	
Tropical	Cyclone	Formation	as	Revealed	by	
TRMM	PR	
	
	
3.1	Introduction		
The	 prediction	 of	 tropical	 cyclone	 formation	 remains	 a	 challenging	 problem	 in	atmospheric	sciences.	The	well-known	necessary	conditions	for	tropical	cyclone	formation	include	 sufficient	 ocean	 thermal	 energy,	 enhanced	mid-tropospheric	 moisture,	 low-level	cyclonic	 vorticity,	 conditional	 instability,	 and	weak	 vertical	wind	 shear	 (e.g.,	Gray	 1968).	These	conditions,	though	simultaneously	necessary	for	tropical	cyclone	formation,	are	not	sufficient	in	determining	whether	or	not	a	tropical	disturbance	will	transition	into	a	tropical	cyclone.		A	 better	 understanding	 of	 tropical	 cyclone	 formation	 may	 develop	 through	 a	systematic	 examination	 of	 the	 cloud	 and	 precipitation	 evolution	 leading	 up	 to	 tropical	cyclone	genesis.	Tropical	cyclones	are	normally	regarded	as	a	rotating,	organized	system	of	clouds	 and	 thunderstorms	 with	 a	 well-defined	 closed	 low-level	 circulation	 over	 warm	
																																																						*	 Chapter	 3	 has	 been	 published	 in	 Geophysical	 Research	 Letters.	 Fritz	 et	 al.	 (2016)	 is	 ©	Copyright	 [2016]	American	Geophysical	Union	 (AGU).	Further	 reproduction	or	electronic	distribution	is	not	permitted.	
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tropical	or	subtropical	waters.	Vigorous	convection	near	the	storm	center	feeds	off	moisture	converging	from	large	radii	(see	Chapter	2),	and	the	release	of	latent	heat	concentrated	near	the	circulation	center	drives	the	overturning	secondary	circulation,	increases	the	low-level	moisture	 convergence	 and	 intensifies	 the	 tangential	 circulation.	 Identifying	 the	 sufficient	conditions	 for	 tropical	 cyclone	 formation	 thus	 involves	 understanding	 the	 physical	processes	that	promote	or	control	the	convective	organization.	Tropical	 precipitation	 generally	 consists	 of	 two	 types:	 stratiform	 and	 convective	precipitation.	Stratiform	precipitation	is	featured	by	mid-level	convergence	and	divergence	in	the	upper-	and	lower-troposphere,	whereas	convective	precipitation	is	characterized	by	low-level	 convergence	 and	 divergence	 aloft.	 Two	 groups	 of	 theories	 have	 developed	 for	tropical	cyclone	formation:	the	“top-down”	theory	and	the	“bottom-up”	theory.	In	the	top-down	 theory,	 a	 mid-level	 vortex,	 which	 forms	 in	 a	 stratiform	 region,	 initiates	 a	 surface	cyclonic	circulation	(Bister	and	Emanuel	1997;	Ritchie	and	Holland	1997).	In	the	bottom-up	development	 theory,	 strong	 low-level	 cyclonic	 vorticity	 anomalies	 are	 generated	 by	convective	heating,	and	the	upscale	construction	and	organization	of	the	convective	vortices	leads	to	the	formation	of	a	tropical	depression	vortex.	Meanwhile,	deep	convective	clouds,	or	the	so-called	vortical	hot	towers,	collectively	act	as	a	quasi-steady	diabatic	heating	source	to	drive	the	secondary	circulation	and	lead	to	the	system-scale	intensification	(Hendricks	et	al.	2004;	Montgomery	et	al.	2006).		Today,	 it	 is	 generally	 accepted	 that	 the	 low-level	 convergence	 associated	 with	convective	 precipitation	 is	 more	 effective	 in	 spinning	 up	 the	 low-level	 circulation	 (e.g.,	Raymond	 and	 Lopez	 Carrillo	 2011),	 but	 this	 does	 not	 rule	 out	 possible	 contributions	 to	tropical	 cyclone	 formation	 by	 stratiform	 precipitation	 (Wang	 2012).	 In	 addition,	 the	
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contribution	 to	 tropical	 cyclone	 formation	 by	 convective	 processes	 may	 not	 be	 simply	attributed	to	deep	convection.	In	fact,	there	are	three	distinct	types	of	convective	clouds	in	the	tropics,	including	shallow	cumulus,	congestus,	and	cumulonimbus	(Johnson	et	al.	1999).	The	 role	 of	 deep	 convection	 in	 tropical	 cyclone	 formation	has	been	emphasized	 in	many	previous	 studies	 (e.g.,	Montgomery	 et	 al.	 2006),	 but	 congestus	 convection	 should	 not	 be	neglected.	 Congestus	 represent	more	 than	 50%	of	 precipitating	 convective	 clouds	 in	 the	tropics	 (Webster	 and	 Lukas	 1992).	 In	 addition,	 congestus	 clouds	 moisten	 the	 lower	troposphere	 and	 precondition	 the	 environment	 for	 deep	 convection,	 which	 has	 been	regarded	as	a	critical	process	 in	 the	evolution	of	 the	Madden-Julian	oscillation	(MJO)	and	convectively	coupled	equatorial	waves	(CCEWs)	(Khouider	and	Maida	2006;	Kiladis	et	al.	2009;	 Johnson	and	Ciesielski	2013;	Ruppert	and	 Johnson	2015).	 In	a	 recent	 study,	Wang	(2014b)	proposed	a	two-stage	conceptual	model	for	tropical	cyclone	formation	highlighting	the	 importance	 of	 cumulus	 congestus	 based	 on	 a	 high-resolution	 numerical	 model	simulation.	In	the	first	stage	of	the	conceptual	model,	cumulus	congestus	gradually	moisten	the	 lower	 and	middle	 troposphere	and	 intensify	 the	 low-level	 circulation.	A	 transition	 to	sustained	deep	convection	within	the	inner-core	occurs	in	the	second	stage	after	the	column	is	moistened	 sufficiently,	 which	 is	 accompanied	 by	 the	 rapid	 intensification	 and	 vertical	development	of	the	tropical	cyclone	vortex.	The	study	by	Wang	(2014b),	however,	is	based	on	a	numerical	simulation,	and	the	relative	contributions	of	different	types	of	precipitation	have	not	yet	been	studied	quantitatively	using	observational	data.	The	objective	of	this	chapter	is	to	examine	the	precipitation	evolution	during	tropical	cyclone	formation	and	explore	the	role	of	different	types	of	precipitation	using	precipitation	and	cloud-type	retrievals	 from	the	TRMM	Precipitation	Radar	 (PR).	 In	particular,	we	will	
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quantify	 the	 frequency	 occurrences	 of	 stratiform	 precipitation,	 shallow	 convection,	mid-level	convection	(i.e.,	congestus),	and	deep	convection	as	well	as	their	contributions	to	the	total	precipitation	within	the	framework	of	the	marsupial	paradigm	(Dunkerton	et	al.	2009).	The	marsupial	paradigm	hypothesizes	that	the	quasi-closed	Lagrangian	circulation	within	the	 critical	 layer	 of	 a	 tropical	 wave,	 or	 the	 so-called	 wave	 pouch,	 provides	 a	 localized	favorable	 environment	 for	 tropical	 cyclone	 formation.	 The	 pouch	 center,	 which	 is	 the	intersection	of	the	wave’s	trough	axis	and	critical	latitude,	is	regarded	as	a	sweet	spot	for	tropical	 cyclone	 genesis	 and	 provides	 a	 reference	 point	 for	 data	 analysis	 prior	 to	 visual	identification	of	an	unambiguous	storm	center	in	cloud	imagery.	In	this	chapter,	we	construct	a	composite	picture	of	precipitation	and	cloud-type	evolution	obtained	from	the	TRMM	PR.	The	 data	 and	 analysis	 methods	 are	 described	 in	 section	 3.2.	 Results	 are	 presented	 and	discussed	in	section	3.3,	and	we	close	with	a	summary	in	section	3.4.			
3.2	Data	and	Methodology	
3.2.1	Pouch	Track	and	the	Best	Track	Data		 Two	datasets	are	used	to	identify	a	storm	center.	Wang	and	Hankes	(2014)	tracked	more	than	200	named	Atlantic	storms	originating	from	tropical	easterly	waves	during	1989-2010	 using	 the	 ERA-Interim	 data	 (Dee	 et	 al.	 2011),	 and	 each	 wave	 pouch	 was	 tracked	backwards	in	time	from	genesis	for	up	to	ten	days	before	genesis	(see	the	genesis	and	pouch	track	distribution	in	Wang	and	Hankes	(2014)).	Here	we	use	the	700-hPa	wave	pouch	tracks	to	 examine	 the	 pre-genesis	 evolution,	 and	 the	 Best	 Track	 data	 from	 the	 NHC	 is	 used	 to	identify	tropical	cyclone	centers	for	the	post-genesis	evolution	(Landsea	and	Franklin	2013).	
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The	pouch	center	and	the	tropical	cyclone	center	are	referred	to	as	the	circulation	center	for	brevity.		
3.2.2	TRMM	PR			 The	version-7	(V7)	of	 the	TRMM	Level	2A	PR	Rainfall	Rate	and	Profile	 (TRMM	PR	2A25)	is	used	to	examine	the	cloud	population	and	evolution.	The	PR	is	a	Ku-band	radar	and	has	a	pre-boost	(post-boost;	boost	occurring	in	August	2001)	horizontal	resolution	of	4.3-km	(5.0-km)	within	the	±17°	scan	angle	and	a	vertical	resolution	of	0.25-km.	This	yields	a	215-km	(240-km)	swath	in	the	horizontal	and	range	bins	extending	~20	km	above	MSL.	The	geographical	coverage	 is	restricted	between	38°S	and	38°N.	We	 focus	on	the	rainfall	 rate	near	the	Earth’s	surface	and	the	attenuation	corrected	reflectivity	factor	at	the	radar	range	gates	between	0	 and	20	km	along	 the	 slant	 range.	The	TRMM	PR	data	 are	 analyzed	 in	 a	domain	whose	center	moves	with	the	storm	circulation	center.	To	eliminate	observations	with	poor	coverage	of	a	storm,	we	require	that	a	valid	TRMM	PR	overpass	have	at	least	1000	pixels	within	300	km	from	the	circulation	center.	The	total	number	of	storms	with	at	least	one	valid	overpass	 from	Day	-3	to	Day	0	(i.e.,	genesis)	was	111	during	1998-2010.	These	overpasses	are	nearly	uniformly	distributed	across	each	day	(not	shown),	and	the	diurnal	cycle	thus	does	not	affect	the	results.	The	TRMM	2A23	products	are	used	to	 identify	rain	type.	Using	the	vertical	profile	method	 and	 the	 horizontal	 pattern	method	 (Awaka	 et	 al.	 1997;	 2009),	 the	 TRMM	 2A23	classifies	rain	into	three	categories,	stratiform,	convective	and	others.	We	further	classify	the	convective	precipitation	into	shallow,	mid-level	and	deep	convection	using	the	reflectivity	data	from	the	TRMM	2A25	as	described	in	section	3.2.4.	
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3.2.3	Composite	and	CFAD	Analyses		 Both	the	near-surface	rain	rate	and	attenuation	corrected	reflectivity	were	remapped	onto	 a	 storm-centric	 grid	 mesh,	 and	 composites	 are	 constructed	 with	 respect	 to	 the	circulation	center	at	different	times	from	genesis.	Contoured	frequency	by	altitude	diagrams	(CFADs)	represent	the	probability	distribution	of	the	reflectivity	at	different	altitudes	(Yuter	and	Houze	1995),	and	were	constructed	at	different	times	with	respect	to	the	genesis	time.	CFADs	were	derived	with	1-dBZ	reflectivity	bins	every	0.25	km	in	height	for	both	stratiform	and	convective	precipitation	types.			 To	facilitate	interpretations,	composites	and	CFADs	are	normalized	by	the	number	of	observations.	The	total	number	of	pixels	includes	all	the	pixels	from	available	overpasses	for	a	certain	time	period;	the	number	of	precipitating	pixels	is	the	count	of	pixels	with	non-zero	surface	 precipitation;	 and	 the	 number	 of	 pixels	 for	 a	 precipitation	 type	 is	 also	 used	 in	normalization	in	some	calculations.	
3.2.4	Identifying	Different	Types	of	Convection		 To	classify	different	types	of	convection,	the	20	dBZ	echo-top	height	is	derived	from	the	TRMM	2A25	reflectivity	and	used	to	determine	the	vertical	extent	of	convection.	To	avoid	contamination	from	anvil	clouds,	a	bottom-up	approach	was	used	to	estimate	the	20-dBZ	echo-top	height.	The	algorithm	first	 identifies	 the	height	of	 the	maximum	reflectivity	 in	a	pixel	column.	Then	we	search	upward	for	the	ensuing	range	gate	at	which	the	reflectivity	drops	 below	20	 dBZ,	 and	 this	 height	 is	 defined	 as	 the	 cloud	 top	 height.	 If	 the	maximum	reflectivity	is	less	than	20	dBZ,	the	20-dBZ	echo-top	height	is	set	to	zero.	Among	the	pixels	classified	 as	 convective	 by	 the	 TRMM	 2A23,	 the	 cloud	 top	 height	 is	 used	 to	 determine	
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different	types	of	convection:	heights	<=	4	km	represents	shallow	cumulus,	heights	>	4	km	and	 <=	 8	 km	 represents	 mid-level	 convection,	 and	 heights	 >	 8	 km	 represents	 deep	convection.			
3.3	Results		
3.3.1	Precipitation	Evolution	Before	 examining	 how	 different	 types	 of	 precipitation	 evolve	 with	 time	 and	contribute	to	the	total	precipitation,	it	is	necessary	to	first	take	a	look	at	the	spatio-temporal	evolution	of	 the	near-surface	precipitation	before	and	after	genesis.	Figure	3.1	shows	the	composite	 mean	 precipitation	 rate	 within	 300	 km	 from	 the	 circulation	 center.	 The	composites	 are	 computed	 using	 a	 24-hour	 temporal	 mean	 and	 evaluated	 incrementally	every	 12	 hours	 (except	 that	 a	 24-hour	 interval	was	 used	 between	pre-genesis	 and	 post-genesis	composites).	Between	-72	to	-48	h	(Fig.	3.1a),	the	composite	mean	near-surface	rain	rate	 is	 relatively	weak	with	most	 precipitation	 rates	 less	 than	0.5	mm	hr-1.	 The	heaviest	precipitation	is	distributed	away	from	the	circulation	center,	beyond	100	km,	whereas	very	little	 precipitation	 occurs	 near	 the	 center.	 It	 is	 not	 until	 -36	 to	 -12	 h	 that	 prominent	precipitation	occurs	within	100	km	of	the	center,	with	the	composite	mean	precipitation	rate	exceeding	2.0	mm	hr-1	near	the	center.	Meanwhile,	there	is	an	increase	in	the	areal	coverage	of	precipitation	rates	>	1.5	mm	hr-1	within	200	km	of	the	center	(Fig.	3.1d).	By	-24	h	(Fig.	3.1e),	the	areal	coverage	of	precipitation	>	1.5	mm	hr-1	continues	to	increase	within	200	km,	and	intense	rain	rates	persist	near	the	circulation	center.	In	addition,	the	composite	mean	rain	rate	appears	to	progress	from	the	southeast	quadrant	and	becomes	more	symmetrically	
	 51	
distributed.	The	heavy	precipitation	in	the	southeast	quadrant	at	the	earlier	times	may	be	attributed	to	the	typical	location	of	the	ITCZ	relative	to	the	disturbance,	which	serves	as	a	moisture	reservoir	for	tropical	cyclone	development.	High	total	precipitable	water	(TPW)	often	extends	poleward	from	the	ITCZ	to	a	wave	pouch	as	the	wave	propagates	westward	north	of	the	ITCZ,	as	often	observed	in	the	CIMSS	TPW	animations	(Wimmers	and	Velden,	2011).	The	 intensity	 of	 the	 near-surface	 rain	 rate	 24	 hours	 after	 genesis	 (Fig.	 3.1f)	 has	increased	substantially	compared	to	24	hours	before	genesis.	Heavier	precipitation	occurs	along	the	poleward	flank,	which	is	similar	to	that	illustrated	in	Zehr	(1992).	Within	12	and	36	hours	after	genesis	occurs,	the	intensity	of	the	precipitation	continues	to	increase	with	the	 composite	mean	 rain	 rates	>	2	mm	hr-1	 prevailing	within	200	km.	By	48	hours	 after	genesis	(Fig.	3.1h),	nearly	the	entire	region	within	100	km	of	 the	circulation	center	has	a	mean	rain	rate	>	2.0	mm	hr-1.	
3.3.2	Precipitation	Type		 To	examine	the	evolution	of	different	types	of	precipitation,	Fig.	3.2	shows	the	CFADs	of	 reflectivity	 for	 convective	 and	 stratiform	 precipitation	 from	 Day	 -2	 to	 Day	 +1	 for	 all	available	overpasses	within	200	km	from	the	circulation	center.	Here	we	focus	on	the	area	within	a	200-km	radius	of	the	circulation	center,	as	this	meso-b	scale	inner	pouch	region	has	different	thermodynamic	and	dynamic	features	from	the	outer	pouch	region,	and	convective	organization	at	the	inner	pouch	region	is	most	relevant	to	tropical	cyclone	formation	(Wang,	2012).	Each	CFAD	is	normalized	by	the	number	of	 the	2A25	pixels	 for	 the	corresponding	precipitation	type	on	the	corresponding	day,	which	increases	from	Day	-3	to	Day	+1	(see	the	discussion	on	Fig.	3.3	in	section	3.3.3).	Figure	3.2a	illustrates	the	stratiform	structure	on	Day	
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-2.	A	bright-band	signature	is	discernible	around	5	km,	and	reflectivity	does	not	change	much	between	1.5-5	km	above	the	earth’s	surface,	suggesting	that	the	lower	troposphere	is	moist	and	 the	 evaporation	 is	weak	 (Wang	2012).	 	 In	 comparison,	 reflectivity	 in	 the	 convective	CFAD	(Fig.	3.2b)	decreases	more	gradually	with	height	above	the	melting	level,	which	can	be	attributed	 to	 the	presence	of	 supercooled	 liquid	water	 associated	with	 stronger	updrafts	(Cecil	et	al.	2002).			As	a	disturbance	intensifies,	the	normalized	frequencies	for	both	precipitation	types	change	as	well.	The	stratiform	CFAD	on	Day	-1	(Fig.	3.2c)	shows	a	better-defined	bright	band.	An	increase	in	the	frequency	of	the	20	dBZ	echoes	is	observed	above	the	melting	level	as	ice	microphysical	processes	become	more	active,	and	the	frequency	of	reflectivity	between	25	and	35	dBZ	has	increased	below	the	melting	level	indicating	the	increasing	hydrometeor	size	and	possible	increasing	occurrence	of	precipitation.	The	comparison	of	the	convective	CFAD	between	Day	 -2	 and	Day	 -1	 (Figs.	 3.2b	 and	 3.2d)	 shows	 an	 increase	 in	 the	 frequency	 of	reflectivity	of	20-25	dBZ	above	the	melting	level	and	30-45	dBZ	below,	indicating	deeper	and	stronger	convection	on	Day	-1.		The	temporal	evolution	is	more	clearly	shown	by	the	differences	of	the	normalized	CFADS	 between	 Day	 -2	 and	 Day	 -1	 (Fig.	 3.3a	 and	 Fig.	 3.3b),	 where	 warm	 (cool)	 colors	represent	 an	 increase	 (decrease)	 in	 frequency.	 In	 both	 the	 convective	 and	 stratiform	diagrams,	positive	differences	prevail	above	the	melting	level,	and	a	dipole	pattern	is	present	below.	Note	 that	 there	 are	 a	 non-negligible	 number	 of	 pixels	 at	 each	 altitude	with	weak	reflectivity	that	are	undetectable	by	the	TRMM	PR.	The	prevailing	positive	differences	above	the	melting	 level	 indicates	 the	 increasing	 frequency	of	 reflectivity	≥	17	dBZ	 in	 the	upper	troposphere,	where	17-dBZ	is	the	minimum	detection	threshold	of	reflectivity	by	the	TRMM	
	 53	
PR.	This	 suggests	more	precipitating	pixels	and	 thus,	more	 latent	heating	on	Day	 -1.	The	dipole	pattern	below	5	km	shows	a	shift	to	higher	reflectivity,	suggesting	a	possible	increase	in	the	near-surface	rain	rate.		Figures	3.2e	and	3.2f	 show	 the	CFADs	one	day	after	genesis.	The	 stratiform	CFAD	shows	a	slight	increase	in	frequency	between	20	and	30	dBZ	below	the	melting	level,	and	the	convective	CFAD	changes	little	from	Day	-1	to	Day	+1.	The	 histograms	 of	 the	 20-dBZ	 echo-top	 heights	 for	 stratiform	 and	 convective	precipitation	are	shown	in	Fig.	3.4,	which	are	normalized	by	the	total	number	of	pixels.	The	stratiform	histogram	(Fig.	3.4a)	shows	a	primary	peak	at	5	km	associated	with	the	bright	band.	The	convective	histogram	(Fig.	3.4b)	has	a	primary	peak	at	6	km	and	a	secondary	peak	at	3	km,	 corresponding	 to	 the	mid-level	 convection	and	shallow	convection,	 respectively.	Interestingly,	a	third	peak	for	deep	convection	is	absent.	This	is	partly	due	to	the	very	low	frequency	of	occurrence	of	deep	convection	and	may	also	be	related	to	the	17-dBZ	minimum	detection	threshold	of	reflectivity	by	the	TRMM	PR.		The	histogram	curves	do	not	change	much	from	Day	-3	to	Day	-2,	but	shift	upward	from	Day	-2	to	Day	-1	for	both	stratiform	and	convective	precipitation,	owing	to	an	increase	in	 the	 fraction	 of	 pixels	 with	 a	 maximum	 reflectivity	 >=	 20	 dBZ.	 More	 specifically,	 the	increase	mainly	occurs	with	the	echo-top	height	>=	5	km,	suggesting	that	updrafts	become	stronger	and	taller	with	time.	As	the	system	transitions	from	the	wave-stage	to	the	tropical	cyclone	 stage	 (e.g.,	 Day	 -1	 to	 Day	 +1),	 there	 is	 again	 a	 noticeable	 upward	 shift	 of	 the	histogram	curves	for	both	convective	and	stratiform	precipitation.			 	
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3.3.3	Contributions	by	Precipitation	Type			 Next	 we	 examine	 the	 role	 of	 the	 different	 precipitation	 types	 in	 tropical	 cyclone	formation.	The	20	dBZ	echo	top	height	was	used	to	categorize	different	types	of	precipitation.	Based	 on	 Fig.	 3.4b,	 we	 separate	 shallow	 convection	 and	 mid-level	 convection	 with	 the	breakpoint	of	4	km.	We	chose	8	km	as	 the	breakpoint	between	mid-level	convection	and	deep	convection	based	on	previous	studies	(Johnson	et	al.	1999).	The	histogram	in	Fig.	3.5a	shows	the	mean	precipitation	rate	for	different	precipitation	types,	which	is	defined	as	the	sum	of	one	type	of	precipitation	divided	by	the	total	area	within	a	200-km	radius.	The	total	mean	rain	rate,	which	is	the	sum	of	the	mean	rain	rates	for	different	precipitation	types,	is	also	shown	in	Fig.	3.5a.	 	The	total	mean	rain	rate	 increases	 from	Day	-3	to	Day	+1,	and	a	substantial	increase	occurs	from	Day	-2	to	Day	-1	and	from	Day	-1	to	Day	+1.	The	breakdown	into	different	precipitation	types	shows	that	stratiform	precipitation	and	deep	convection	contribute	nearly	equally	to	the	slight	increase	in	the	total	rain	rate	from	Day	-3	to	Day	-2	while	the	mid-level	convective	rain	rate	changes	little.	From	Day	-2	to	Day	-1	and	from	Day	-1	to	Day	+1,	stratiform,	mid-level	convective	and	deep	convective	rain	rates	both	increase.	Stratiform	rain	rate	has	the	largest	absolute	increase	(thus	making	a	larger	contribution	to	the	total	rain	rate	increase),	and	the	deep	convective	rain	rate	has	less	increase	than	either	stratiform	or	the	mid-level	convective	rain	rate.	The	total	contribution	by	mid-level	and	deep	convection	is	comparable	to	that	by	stratiform	precipitation.	The	contribution	by	shallow	convection	to	the	total	rain	rate	is	negligible	from	Day	-3	to	Day	+1.		To	 further	 examine	 how	 each	 type	 of	 precipitation	 evolves,	 we	 examined	 their	frequencies	of	occurrence	and	conditional	rain	rates.	The	frequency	of	occurrence	is	defined	as	the	pixel	number	for	one	precipitation	type	divided	by	the	total	pixel	numbers	within	a	
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200-km	radius	(including	non-precipitating	pixels),	which	is	equivalent	to	the	areal	coverage	of	that	precipitation	type	(Fig.	3.5b).		Different	from	the	mean	rain	rate	shown	in	Fig.	3.5a,	the	conditional	rain	rate,	or	the	mean	pixel	rain	rate,	is	defined	as	the	total	precipitation	of	one	precipitation	type	divided	by	the	pixel	number	of	that	type	(i.e.,	Fig.	3.5d).		Figure	3.5b	shows	the	frequencies	of	occurrence	of	different	types	of	precipitating	pixels	 and	 the	 total	 precipitating	 pixels	 (the	 latter	 is	 the	 sum	 of	 the	 former).	 The	 areal	coverage	 of	 total	 precipitating	 pixels	 changes	 little	 from	 Day	 -3	 to	 Day	 -2	 but	 increase	substantially	 from	 Day	 -2	 to	 Day	 -1,	 and	 from	 Day	 -1	 to	 Day	 +1.	 Stratiform,	 mid-level	convective	and	deep	convective	precipitation	all	increases	from	Day	-2	to	Day	+1	in	the	areal	coverage,	and	stratiform	precipitation	has	the	largest	absolute	increase.	Further	calculations	(Fig.	 3.5c)	 show	 that	 stratiform	 precipitation	 accounts	 for	 about	 80%	 of	 the	 total	precipitating	pixels,	mid-level	convection	about	10%,	and	deep	convection	about	3%.	These	numbers	stay	about	the	same	from	Day	-3	to	Day	+1,	and	they	are	close	to	the	statistics	for	the	 global	 tropics,	 in	 which	 73%	 of	 the	 precipitating	 area	 is	 classified	 as	 stratiform	precipitation	 (Schumacher	 and	Houze,	 2003).	 The	 frequency	 (or	 areal	 coverage)	 of	 deep	convection,	however,	is	much	lower	than	what	is	shown	in	Wang	(2014b),	in	which	the	deep	convection	 is	 determined	 by	 the	 height	 of	 updraft	 features	 (grid	 cells	 with	 w>1	 m	 s-1	contiguous	in	the	3D	space)	 in	a	high-resolution	(1	km)	numerical	model	simulation.	It	 is	possible	that	the	frequency	of	deep	convective	cores	is	underestimated	by	the	TRMM	PR	due	to	its	relatively	coarser	resolution	(4~5	km)	as	well	as	its	minimum	detectable	reflectivity	threshold.			 Figure	3.5d	shows	the	conditional	rain	rate	for	each	type	of	precipitation.	The	most	striking	feature	is	the	large	rain	rate	for	deep	convection,	which	is	about	10	times	as	large	as	
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the	stratiform	or	shallow	convective	rain	rate.	Mid-level	convection	has	a	smaller	rain	rate	than	deep	convection,	but	the	rain	rate	is	still	much	larger	than	that	of	shallow	convection	or	stratiform	precipitation.	The	conditional	rain	rate	increases	steadily	for	mid-level	convection	and	 deep	 convection.	 The	 conditional	 rain	 rate	 for	 stratiform	 precipitation	 and	 shallow	convection,	however,	remains	about	the	same	from	Day	-3	to	Day	+1.		Figure	3.5	suggests	that	stratiform	precipitation,	mid-level	and	deep	convection	all	contribute	 to	 the	 increasing	 total	 rain	 rate.	 The	 contribution	 by	 mid-level	 and	 deep	convection	is	attributed	to	both	their	increasing	areal	coverage	(Fig.	3.5b)	and	intensifying	conditional	rain	rates	(Fig.	3.5d),	while	the	contribution	by	stratiform	precipitation	arises	only	from	the	increase	in	its	 increasing	areal	coverage	(Fig.	3.5b),	which	is	different	from	Ahmed	and	Schumacher	(2015)’s	finding	about	organized	convection	over	the	global	tropical	oceans.		
3.4	Summary	and	Discussion	
	 The	TRMM	PR	is	used	to	examine	the	precipitation	and	cloud	population	from	the	pre-genesis	tropical	wave	stage	to	the	post-genesis	tropical	cyclone	stage.	We	focus	on	a	time	window	from	3	days	before	genesis	to	1	day	after	genesis.	The	pre-genesis	evolution	was	analyzed	 in	 the	 framework	 of	 the	 marsupial	 paradigm	 and	 the	 post-genesis	 evolution	examined	 using	 the	 best	 track	 data.	 The	 TRMM	 2A23	 products	 were	 used	 to	 separate	stratiform	 and	 convective	 precipitation,	 and	 the	 convective	 precipitation	 was	 further	classified	into	shallow	convection,	mid-level	convection	and	deep	convection	based	on	the	20-dBZ	echo-top	height	derived	from	the	TRMM	PR	2A25.	
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Precipitation	was	found	to	increase	in	coverage	and	intensity	near	the	wave-pouch	center	within	36	h	prior	to	genesis.	Stratiform	precipitation,	mid-level	and	deep	convection	all	contribute	to	the	increasing	mean	rain	rate,	while	shallow	convection	makes	a	negligible	contribution	 from	 Day	 -3	 to	 Day	 +1.	 Stratiform	 precipitation	 accounts	 for	 ~80%	 of	 the	precipitating	pixels	from	Day	-3	to	Day	+1.	Nevertheless,	convective	precipitation	(mid-level	plus	deep	convection),	owing	to	its	large	conditional	rain	rate,	makes	a	contribution	to	the	total	 precipitation	 comparable	 to	 stratiform	precipitation.	The	 contribution	 to	 increasing	precipitation	by	stratiform	precipitation	comes	from	its	increasing	areal	coverage,	while	its	conditional	 rain	 rate	 stays	 about	 the	 same	 from	 Day	 -3	 to	 Day	 +1.	 In	 contrast,	 the	contribution	by	mid-level	and	deep	convection	can	be	attributed	 to	both	 their	 increasing	areal	coverage	and	intensifying	conditional	rain	rates.	Among	the	three	types	of	convective	precipitation,	deep	convection	has	the	largest	rain	rate,	but	mid-level	convection	occurs	most	frequently	and	makes	a	larger	contribution	to	the	total	precipitation	than	deep	convection	from	Day	-3	to	Day	+1.			 The	larger	contribution	by	mid-level	convection	than	deep	convection	is	consistent	with	Wang	(2014b),	suggesting	its	important	role	in	pre-conditioning	the	lower	to	middle	troposphere	and	spinning	up	the	near-surface	circulation.	Although	the	contribution	by	deep	convection	 is	 comparatively	 less,	 the	persistent	 increase	 in	 its	 intensity	and	 frequency	of	occurrence	 reaffirms	 its	 critical	 role	 in	 the	 transition	 from	 a	 tropical	 wave	 to	 a	 tropical	cyclone	(e.g.,	Montgomery	et	al.	2006;	Tory	and	Frank	2010;	and	Wang	2012).	In	addition,	the	high	frequency	of	occurrence	and	the	large	contribution	of	stratiform	precipitation	hint	at	 its	 possible	 importance	 in	 tropical	 cyclone	 formation.	 For	 example,	 Wang	 (2012)	suggested	 that	 stratiform	 precipitation	 in	 a	 moist	 environment	 has	 moderate	 mid-level	
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inflow	and	weak	low-level	outflow	and	can	thus	contribute	to	the	mid-level	spin-up	without	spinning	down	 the	 low-level	 circulation.	The	upper	 tropospheric	heating	associated	with	stratiform	precipitation	may	also	affect	 the	warm-core	structure	and	 influence	 the	storm	intensity	(Stern	and	Nolan	2012).	Overall,	this	study	suggests	that	tropical	cyclone	formation	may	be	an	outcome	of	the	collective	contribution	by	different	types	of	precipitation,	instead	of	the	result	of	a	few	intense,	deep	convective	clouds.		 	
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	Figure	 3.2.	 CFADs	 of	 reflectivity	 for	 stratiform	 precipitation	 (a,	 c,	 and	 e)	 and	 convective	precipitation	(b,	d,	and	f)	from	2	days	before	to	1	day	after	genesis.	The	dashed	vertical	line	indicates	17	dBZ	reflectivity,	the	minimum	detection	threshold.		
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	Figure	3.3.	The	normalized	difference	in	CFADs	between	Day	-2	and	Day	-1	for	convective	and	stratiform	precipitation	are	shown	in	(a)	and	(b),	respectively.			 	
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	Figure	3.4.	Shows	the	histograms	of	the	20-dBZ	echo	top	height	for	(a)	stratiform	and	(b)	convective	precipitation,	in	which	different	times	are	represented	by	different	colors.	
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	Figure	3.5.	(a)	The	contribution	to	the	total	mean	rain	rates,	(b)	frequency	of	occurrence	(FO)	normalized	by	the	total	number	of	pixels,	(c)	FO	normalized	by	precipitating	pixels,	and	(d)	the	 conditional	 mean	 rain	 rates	 within	 a	 200-km	 radius	 of	 the	 circulation	 center	 by	stratiform	precipitation	(S),	shallow	(SC),	mid-level	(ML),	and	deep	(DC)	convection.	In	(a)	and	(b)	“T”	represents	the	total	mean	rain	rate	and	the	frequency	of	the	total	precipitating	pixels,	 respectively.	The	orange	bar	 represents	1	day	after	genesis,	 and	 the	yellow,	 light-green,	and	dark-green	bars	represent	1	day,	2	days,	and	3	days	before	genesis,	respectively.			 	
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CHAPTER	4	
Diabatic	Heating	Associated	with	Different	
Types	of	Precipitation	during	Tropical	
Cyclone	Formation		
			
4.1	Background	
To	 explore	 the	 role	 of	 different	 types	 of	 precipitation	 during	 tropical	 cyclone	formation	further,	this	chapter	will	evaluate	the	diabatic	heating	associated	with	different	types	 of	 precipitation.	 Diabatic	 heating	 plays	 an	 important	 role	 driving	 the	 secondary	circulation,	 and	 different	 heating	 profiles	 are	 associated	with	 vortex	 spin-up	 of	 different	vertical	structures.	In	addition,	diabatic	heating	is	key	to	potential	vorticity	(PV)	production.	Wang	 (2014b)	 showed	 that	 cumulus	 convection	 is	 associated	with	 strong	PV	production	near	 the	 surface	 and	 is	 most	 effective	 to	 spin	 up	 the	 low-level	 circulation,	 while	 the	production	of	PV	by	deep	convection	contributes	to	the	intensification	of	the	tropical	cyclone	vortex	 over	 a	 deep	 layer.	 Previous	 studies	 also	 suggested	 that	 latent	 heating	 from	 ice	microphysical	 processes	 can	 have	 impacts	 on	 the	 intensification	 of	 tropical	 cyclones	(McFarquhar	et	al.	2006;	Harnos	and	Nesbitt	2011;	2016).		We	 will	 use	 the	 “nature	 run”,	 a	 high-resolution	 numerical	 model	 simulation	developed	 and	 validated	 by	 Nolan	 et	 al.	 (2013),	 to	 assess	 the	 heating	 rates	 of	 shallow	convection,	 congestus,	 deep	 convection,	 and	 stratiform	 precipitation.	 The	 spectral	 latent	
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heating	profiles	derived	from	the	TRMM	PR	are	also	computed.	The	profiles	available	for	the	111	 named	 storms	 in	 Chapter	 3	 are	 composited	 within	 the	 marsupial	 framework	 and	compared	to	the	heating	profiles	from	the	high-resolution	numerical	model	simulation.	The	TRMM	 PR	 heating	 products	 have	 not	 been	 systematically	 analyzed	 for	 tropical	 cyclone	formation,	 so	 it	 is	 important	 to	 determine	 how	 representative	 the	 data	 are	 of	 tropical	cyclones.			The	 data	 and	 analysis	 methods	 are	 described	 in	 section	 4.2.	 The	 heating	 rate	evolution	 for	 the	 nature	 run	 simulation	 is	 presented	 and	 discussed	 in	 section	 4.3,	 a	comparison	between	the	numerical	model	simulation	and	TRMM	is	shown	in	section	4.4,	and	close	with	a	summary	in	section	4.5.		
	
4.2	Data	and	Methodology	
4.2.1	Numerical	Model	Simulation	Description	This	study	utilizes	the	nature	run	model	simulation	carried	out	by	Nolan	et	al.	(2013)	(hereafter	 referred	 to	 as	 the	 hurricane	 nature	 run	 or	 NRH1).	 The	 model	 used	 was	 the	Advanced	Research	WRF	model	(ARW-WRF),	version	3.2.1	(Skamarock	et	al.	2005),	which	is	fully	compressible	and	non-hydrostatic.	In	the	nature	run	experiment,	a	high-resolution	numerical	model	simulation	was	performed	for	the	entire	life	cycle	of	a	strong	hurricane	that	occurred	over	the	North	Atlantic	Ocean,	from	the	wave	stage	to	the	tropical	cyclone	stage.		This	regional	WRF	model	simulation	ingested	initial	and	boundary	conditions	obtained	from	the	 ECMWF	 joint	 observing	 system	 simulation	 experiment	 (OSSE)	 nature	 run.	 The	 OSSE	dataset	 is	 a	 high-resolution	 global	 gridded	 dataset	 which	 is	 intended	 to	 be	 a	 best	
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representation	 of	 the	 true	 environmental	 conditions.	 Thus,	 it	 has	 been	 coined	 the	 term	“Nature	Run”.	It	differs	from	data	assimilation	schemes	that	are	used	for	real-time	numerical	model	 simulations,	 such	 that	 synthetic	 observations	 are	 sampled	 and	 added	 to	 the	 data	assimilation	system.	In	addition	to	NRH1,	Nolan	and	Mattocks	(2014)	recently	completed	a	second	hurricane	nature	run	simulation	(e.g.,	NRH2).	However,	NRH2	involved	significant	land	interaction,	and	thus	was	not	useful	for	our	research	purposes.		NRH1	adopted	a	four-grid	nested	domain	with	horizontal	grid	spacing	of	27–9–3–1	km,	respectively.	The	outer	grid	is	fixed,	while	the	inner	three	grids	follow	the	storm	center	that	is	defined	based	on	the	local	minimum	in	geopotential	height.	Each	domain	includes	61	“full”	vertical	model	levels.	Convection	was	resolved	explicitly	at	the	grid	scale	except	on	the	9-km	and	27-km	mesh,	where	the	Kain–Fritcsh	cumulus	scheme	(Kain	2004)	was	used.	Other	physics	options	include	the	Yonsei	University	planetary	boundary	layer	scheme	(Hong	et.	al.	2006),	the	RRTM-G	radiation	scheme	for	long-wave	and	short-wave	radiation	(Iacono	et	al.	2008),	 and	 the	 WRF	 double-moment	 6-class	 (WDM6)	 microphysics	 scheme.	 Prognostic	water	substance	variables	in	the	WDM6	scheme	include	mixing	ratios	of	water	vapor,	cloud	water,	 cloud	 ice,	 snow,	 rain,	 and	 graupel	 (Hong	 and	 Lim	 2006).	 It	 treats	 ice	 and	 water	saturation	processes	separately	and	predicts	number	concentrations	for	both	cloud	and	rain	(Lim	and	Hong	2010).	The	simulation	is	initialized	on	0000	UTC	July	29	and	is	run	for	13	days	until	0000	UTC	August	11.	A	tropical	depression	forms	at	0000	UTC	31	July	in	the	model	simulation,	when	 a	 closed	 circulation	develops	 at	 the	 surface	 (not	 shown)	 and	meets	 the	 criteria	 by	operational	standards.	The	track	and	intensity	of	NRH1	are	shown	in	Fig.	4.1.	Evolution	of	the	diabatic	heating	associated	with	different	types	of	precipitation	will	be	referenced	to	this	
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storm	track	as	this	is	the	track	used	by	Nolan	et	al.	(2013).	Readers	are	referred	to	Nolan	et	al.	 (2013)	 for	more	details	 regarding	 the	WRF	simulation	and	 the	 storm	evolution	of	 the	simulated	tropical	cyclone.		Figure	4.2	shows	the	24-h	mean	precipitation	rate	and	near-surface	streamlines	for	NRH1	from	Day-1	to	Day	+3.	The	model	simulation	is	initialized	only	48	hours	before	genesis,	and	 the	 first	24	hours	of	 the	simulation	were	excluded	as	 the	model	 spin-up	period.	Our	analysis	focuses	on	the	time	periods	from	one	day	prior	to	genesis	(Day	-1)	to	one	day	after	genesis	 (Day	 +1).	 Thus,	 a	 better	 comparison	 to	 the	 TRMM	 observations	 by	 the	 model	simulation	is	attained	by	focusing	on	the	24-h	mean	period	before	and	after	the	genesis	time.		For	 the	 nature	 run	 simulation,	 the	 diabatic	 heating	 and	 cooling	 rates	 are	 output	directly	from	the	WRF	model	following	the	storm	circulation	center.	Because	microphyscial	processes	play	a	key	role	in	the	development	of	clouds	and	precipitation	processes,	it	was	necessary	to	evaluate	the	sensitivity	of	the	changes	to	the	latent	heating	and	cooling	to	the	model	microphysics.	We	 first,	however,	 completed	a	numerical	 simulation	with	 the	same	model	physics	and	configuration	as	the	control	run,	except	that	the	innermost	grid	with	the	resolution	of	1	km	was	dropped.	The	evolution	of	the	storm	(i.e.,	slp)	from	this	simulation	is	analogous	to	that	of	the	control	run	(not	shown),	suggesting	that	the	track	and	intensity	of	the	storm	is	not	very	sensitive	to	the	model	resolution.	We	thus	adopted	the	configuration	of	three	nested	grids	 (with	 resolution	of	27-9-3	km)	 for	 the	sensitivity	experiments	 to	 save	computational	time.	To	perform	the	sensitivity	experiment,	four	additional	numerical	model	simulations	were	computed	with	different	microphysics	schemes	(e.g.,	single-moment	and	double	moment):	Lin,	Goddard,	Thompson	and	Morrison.	Single-moment	schemes	generally	predict	only	the	mixing	ratio	of	hydrometeor	species	and	are	more	efficient,	while	double-
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moment	schemes	allow	the	number	concentration	and	diameter	of	hydrometeor	species	to	vary	independently	in	space,	improving	the	representation	of	microphysical	processes	and	are	 thought	 to	be	a	more	 realistic	 representation	of	 clouds	 (Igel	 et	 al.	2015).	 	Prognostic	water	substance	variables	in	each	scheme	include	mixing	ratios	of	water	vapor,	cloud	water,	cloud	ice,	snow,	rain,	and	graupel.	The	Lin	scheme	is	based	on	Lin	et	al.	(1983)	and	Rutledge	and	 Hobbs	 (1984)	 and	 includes	 ice	 sedimentation	 (Tao	 et	 al.	 1989)	 with	 additional	modifications	to	the	saturation	adjustment.		The	Goddard	scheme	is	based	largely	on	Lin	et	al.	(1983),	but	different	adjustment	methods	are	made	to	ice	and	water	saturation	(Tao	et	al.	1989).	The	Thompson	scheme	uses	a	generalized	gamma	distribution	for	graupel	instead	of	an	 exponential	 gamma	 distribution	 like	 Lin.	 This	 scheme	 also	 predicts	 the	 number	concentration	of	ice	nuclei.	Like	WDM6,	the	Morrison	scheme	is	a	double	moment	scheme.	However,	 it	 predicts	 the	number	 concentration	 for	 all	 hydrometeor	 species	 except	 cloud	water	(Morrison	et	al.	2009).	The	results	of	the	sensitivity	study	will	be	shown	in	section	4.3.3.		
4.2.2	Pouch	Track	and	the	Best	Track	Data	for	Observational	Diagnoses		 The	evolution	of	the	spectral	latent	heating	profiles	is	evaluated	within	the	framework	of	 the	 marsupial	 paradigm	 (Dunkerton	 et	 al.	 2009)	 through	 a	 composite	 analysis.	 Two	datasets	 are	 used	 to	 identify	 a	 storm	 center	 in	 the	 composite	 approach	 as	 was	 done	 in	Chapter	3.	As	 in	Chapter	3,	 the	700-hPa	wave	pouch	tracks	(Wang	and	Hankes	2014)	are	used	to	examine	the	pre-genesis	evolution,	and	the	Best	Track	data	from	the	NHC	is	used	to	identify	tropical	cyclone	centers	for	the	post-genesis	evolution	(Landsea	and	Franklin	2013).	We	 focus	on	 the	 time	periods	 from	 three	days	prior	 to	genesis	 (Day	 -3)	 to	one	day	after	genesis	(Day	+1).	The	pouch	center	and	the	tropical	cyclone	center	are	referred	to	as	the	
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circulation	center	for	brevity.		
4.2.3	TRMM	PR	Spectral	Latent	Heating	
	 The	 version-7	 (V7)	of	 the	2H25	Spectral	 Latent	Heating	 (SLH)	produced	 from	 the	TRMM	 Level	 2A	 PR	 Rainfall	 Rate	 and	 Profile	 (TRMM	 PR	 2A25)	 is	 used	 to	 examine	 the	evolution	 of	 the	 latent	 heating	 profiles	 associated	with	 each	 cloud-type.	Using	 a	 spectral	approach,	 the	SLH	algorithm	estimates	 latent	heat	 from	heating-profile	 lookup	 tables	 for	three	main	 rain	 types	 (e.g.,	 convective,	 shallow	stratiform,	and	anvil	 rain)	produced	by	a	cloud-resolving	model	(CRM).	The	SLH	algorithm	takes	into	account	the	precipitation	profile,	which	is	unique	from	other	heating	algorithms	that	consider	only	the	near	surface	rain-rate.	It	also	uses	a	variety	of	information	from	the	TRMM	PR	data	such	as	the	precipitation	top-height	(PTH)	and	the	precipitation	rate	both	at	the	surface	and	the	melting	level	to	construct	the	heating	profile.	The	CRM	is	produced	from	numerical	model	simulations	of	the	tropical	cloud	 systems	 in	 the	Tropical	Ocean	and	Global	Atmosphere	Coupled	Ocean-Atmosphere	Response	Experiment	(TOGA-COARE)	(Shige	et	al.	2004).	It	should	be	noted	that	the	CRM	used	to	develop	the	look-up	tables	uses	a	two-dimensional	version	of	the	Goddard	Cumulus	Ensemble	 (GCE)	model,	which	 invokes	a	 single-moment	Kessler-type	 two-category	 liquid	water	scheme	and	a	three-category	ice-phase	scheme	by	Rutledge	and	Hobbs	(1984)	(Shige	et	al.	2007).	Thus,	differences	in	ice	microphysical	parameterizations	may	potentially	impact	the	PTH	threshold	(e.g.,	0.3	mm	hr-1).	Also,	the	tropical	cloud	systems	in	TOGA-COARE	are	non-tropical	cyclone	systems.			 As	with	 the	 TRMM	 PR,	 the	 SLH	 output	 has	 an	 orbital	 pre-boost	 (post-boost;	 boost	occurring	 in	August	2011)	horizontal	 resolution	of	4.3-km	(5.0-km)	within	 the	±17°	scan	
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angle	but	with	19	vertical	levels.	This	yields	a	215-km	(240-km)	swath	in	the	horizontal	and	range	bins	extending	~20	km	above	MSL.	The	geographical	coverage	is	restricted	between	38°S	and	38°N.	We	focus	on	the	rainfall	rate	near	the	Earth’s	surface	and	the	attenuation-corrected	reflectivity	factor	at	the	radar	range	gates	between	0	and	20	km	along	the	slant	range.	The	TRMM	PR	SLH	data	are	analyzed	in	a	domain	whose	center	moves	with	the	storm	circulation	center.	To	eliminate	observations	with	poor	coverage	of	a	storm,	we	require	that	a	valid	TRMM	PR	overpass	have	at	 least	1000	pixels	within	300	km	 from	 the	 circulation	center	as	was	done	in	Chapter	3.	The	total	number	of	storms	with	at	least	one	valid	overpass	from	Day	-3	to	Day	0	(i.e.,	genesis)	was	111	during	1998-2010.	Composites	are	constructed	to	examine	the	temporal	evolution	of	heating	profiles.	
4.2.4	Identifying	Different	Types	of	Precipitation	 		 To	 identify	different	types	of	precipitation	 in	NRH1,	we	adopt	a	similar	approach	to	Wang	(2014b)	based	on	the	vertical	velocity	field.	A	grid	column	is	considered	convective	if	(i)	the	layer	mean	vertical	velocity	between	1-5	km	is	>	0	m	s-1	and	(ii)	the	maximum	vertical	velocity	between	1-14	km	exceeds	1	m	s-1.	Once	defined	as	convective,	the	maximum	height	of	vertical	velocity	greater	than	or	equal	to	0.5	m	s-1	is	used	to	identify	the	updraft-top	height	(UTH).	Deep	convection	is	defined	as	having	an	UTH	of	>=	11	km,	congestus	>=	3	km	and	<	11	km,	and	shallow	convection	<	3	km.	 	The	algorithm	also	considers	transient	congestus	features	and	defines	them	as	deep	convection.	Stratiform	precipitation	is	defined	as	anything	that	 is	not	otherwise	convective	but	attains	a	grid	cell	precipitation	rate	 threshold	at	 the	surface	>=	0.001	mm	hr-1.	
For	 the	 composite	approach,	 the	TRMM	2A23	products	were	used	 to	 identify	 rain	type.	 Using	 the	 vertical	 profile	method	 and	 the	 horizontal	 pattern	method	 (Awaka	 et	 al.	
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1998),	 the	 TRMM	 2A23	 classifies	 rain	 into	 three	 categories,	 stratiform,	 convective	 and	others.	We	 further	 classify	 the	 convective	 precipitation	 into	 shallow,	mid-level	 and	 deep	convection	using	the	reflectivity	data	from	the	TRMM	2A25	as	was	done	in	Chapter	3.	To	classify	different	types	of	convection,	the	20-dBZ	echo-top	height	is	derived	from	the	TRMM	2A25	reflectivity	profile	and	used	to	determine	the	vertical	extent	of	convection.	From	here,	a	bottom-up	approach	is	used	to	estimate	the	20-dBZ	echo-top	height	to	avoid	contamination	from	anvil	clouds.	The	algorithm	first	identifies	the	height	of	the	maximum	reflectivity	in	a	pixel	column	and	then	searches	upward	for	the	ensuing	range	gate	at	which	the	reflectivity	drops	below	20-dBZ.	The	height	at	which	this	happens	is	defined	as	the	cloud	top.	If	for	any	selected	pixel	the	maximum	reflectivity	is	less	than	20	dBZ,	the	20-dBZ	echo-top	height	is	set	to	zero.	Among	the	pixels	classified	as	convective	by	the	TRMM	2A23,	the	cloud	top	height	is	used	 to	 determine	 different	 types	 of	 convection:	 heights	 <=	 4	 km	 for	 shallow	 cumulus,	heights	>	4	km	and	<=	8	km	for	mid-level	convection,	and	heights	>	8	km	for	deep	convection.	The	height	thresholds	used	here	are	different	from	those	used	in	WRF.	One	reason	for	this	this	is	that	different	variables	are	examined,	and	the	20	dBZ	echo	top	height	may	miss	weak	convection.	
	
4.3	Heating	Rate	Evolution	
4.3.1	Temporal	Evolution		
		 Before	 examining	 how	 different	 types	 of	 precipitation	 contribute	 to	 the	 total	condensational	heating,	it	is	worth	examining	the	temporal	evolution	of	the	diabatic	heating	and	 cooling	 rates	 from	 the	NRH1	 simulation	 for	 each	precipitation	 type	before	 and	 after	
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genesis.	 Figure	 4.3	 shows	 the	 areal	 mean	 heating	 rate	 for	 deep	 convection,	 congestus,	shallow	convection,	and	stratiform	precipitation.	The	areal	mean	heating	rate	is	calculated	by	normalizing	 the	 sum	of	diabatic	heating,	 for	 each	precipitation	 type	by	 the	 total	 area,	within	200	km	from	the	circulation	center,	as	shown	in	eq.	4.1,			 	 	 	 	 "# = 	 &'()*+,-	 	 	 	 																	(4.1)		where	||LH||	represents	the	normalized	diabatic	heating,	∑LH	is	the	sum	of	diabatic	heating,	and	NTotal	is	the	total	number	of	pixels.	Thirty	minute	snapshots	of	the	areal	mean	heating	profiles	are	displayed	from	1	day	before	 genesis	 to	 1	 day	 after	 genesis,	 which	 shows	 increasing	 contributions	 to	 the	 total	column	 diabatic	 heating	with	 intensification	 by	 deep	 convection	 and	 upper-tropospheric	stratiform	precipitation	processes.	The	24-h	temporal	mean	before	and	after	genesis	is	also	computed	 (e.g.,	 Day	 -1	 and	 Day	 +1).	 It	 is	 shown	 that	 the	 heating	 associated	 with	 deep	convection	 intensifies	 after	 genesis	 while	 the	 temporal	 mean	 for	 shallow	 cumulus	 and	congestus	remain	largely	unchanged	from	Day	-1	to	Day	+1	(Fig.	4.3a-c).	This	is	consistent	with	 Wang	 (2014a)	 where	 the	 associated	 vertical	 mass	 flux	 and	 net	 condensation	 for	cumulus	congestus	remains	largely	the	same	in	contrast	to	deep	convection	that	increases	significantly	 after	 genesis.	 The	 stratiform	 precipitation	 is	 characterized	 by	 upper-tropospheric	 heating	 and	 lower-tropospheric	 cooling	 (Fig.	 4.3d).	 The	upper-tropospheric	heating	rate,	however,	is	greater	than	the	cooling	rate	below	the	melting	level.	Moreover,	the	heating	rate	above	the	melting	layer	increases	with	intensity,	while	the	lower	tropospheric	cooling	weakens	slightly	after	genesis.	
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4.3.2	Relative	Contribution	by	Different	Types	of	Precipitation	The	total	areal	mean	heating	rate	before	and	after	genesis	is	shown	in	Figure	4.3e.	The	large	convective	heating	rate	for	congestus	and	deep	convection	in	the	lower	troposphere	emphasize	 the	 role	 of	 convective	 heating	 in	 spinning	 up	 the	 low-level	 circulation	 as	suggested	by	many	previous	studies	(e.g.,	Hendricks	et	al.	2004;	Montgomery	et	al.	2006;	Raymond	 and	 Cariilo	 2011).	 Consistent	 with	 Wang	 (2014b),	 heating	 from	 congestus	convection	(Fig.	4.3b)	has	a	larger	magnitude	than	that	of	deep	convection	(Fig.	4.3a)	prior	to	genesis	with	a	maximum	mean	heating	of	~2	x	10-4	K	s-1	at	4	km.	The	contribution	by	stratiform	 precipitation	 (Fig.	 4.3d)	 to	 the	 upper-level	 heating	 is	 comparable	 to	 deep	convection	(Fig.	4.3a),	especially	before	genesis	where	maximum	heating	is	greater	than	1	x	10-4	 K	 s-1.	 Overall,	 the	 total	 heating	 profile	 occurs	 over	 a	 deep	 layer	 in	 response	 to	contributions	 by	 both	 convective	 and	 stratiform	 processes,	 not	 by	 convection	 alone.	 In	particular,	 the	 heating	 associated	with	 stratiform	precipitation	 in	 the	 upper-troposphere	leads	to	the	development	of	a	deep	diabatic	heating	profile,	which	may	aid	in	generating	the	warm	core	in	the	upper-troposphere	and	thus,	hydrostatically	reduce	the	surface	pressure.		
4.3.3	Sensitivity	to	Microphysics	To	 test	 the	 sensitivity	 of	 the	 findings	 in	 sections	 4.3.1	 and	 4.3.2	 to	 model	microphysics,	a	series	of	sensitivity	experiments	were	carried	out	as	described	 in	section	4.2.1.	Figure	4.4	shows	the	areal	mean	heating	rate	from	different	sensitivity	tests	for	each	precipitation	type	and	the	total	areal	mean	diabatic	heating	rate	as	in	Fig.	4.3.	The	temporal	evolution	of	the	diabatic	heating	profile	and	the	contribution	by	each	precipitation	type	to	the	total	heating	profile	in	the	sensitivity	tests	are	similar	to	the	control	run.	In	particular,	the	magnitude	of	the	maximum	congestus	heating	is	about	1-2	x	10-4	K	s-1	from	Day	–1	to	Day	
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+1	(Fig.	4.4a),	which	is	comparable	to	the	maximum	deep	convective	heating	occurring	on	Day	 -1	 (Fig.	 4.4a).	 The	maximum	 upper-level	 heating	 by	 stratiform	 precipitation	 occurs	around	8	km,	which	again	helps	contribute	to	a	deep	layer	of	latent	heating.	However,	it	is	worth	noting	that	some	subtle	features	are	sensitive	to	the	model	microphysics.	For	example,	Thompson	 and	 Lin	microphysics	 schemes	 demonstrate	 that	 the	 heating	 associated	 with	stratiform	precipitation	above	the	melting	level	changes	very	little	before	and	after	genesis.	Thompson,	for	example,	shows	a	slight	decrease	in	the	maximum	heating	of	~0.17	x	10-4	K	s-1	from	Day	-1	to	Day	+1.	Lin,	however,	shows	only	a	slight	increase	of	~0.11	x	10-4	K	s-1	from	Day	-1	to	Day	+1.	The	remaining	microphysics	schemes	show	~1	x	10-4	K	s-1	increase.	Also,	note	that	deep	convective	heating	produced	by	these	microphysics	schemes	is	much	stronger	than	that	in	the	control	run	at	Day	-1.		
4.4	NRH1	vs.	TRMM	PR	
	 To	 determine	 how	 the	 TRMM	 SLH	 algorithm	 represents	 the	 evolution	 of	 diabatic	heating	 in	 tropical	 cyclones,	 we	 next	 compare	 the	 heating	 rate	 output	 from	 the	 WRF	simulations	 to	 the	 spectral	 latent	 heating	 retrievals	 (e.g.,	 TRMM	2H25)	derived	 from	 the	TRMM	PR.		The	latent	heating	retrievals	have	not	been	systematically	examined	for	tropical	cyclone	evolution.	Also,	since	look-up	tables	to	compute	the	latent	heat	are	derived	from	a	CRM	using	cloud	systems	from	non-tropical	cyclone	convective	systems,	it	is	not	clear	how	representative	the	data	are	of	tropical	cyclones.	As	stated	in	section	4.2,	we	composite	the	latent	heating	retrievals	for	111	storms	from	1998-2010.		 	
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4.4.1	Areal	Mean	Heating	Rate	as	shown	by	TRMM	Figure	4.5	shows	the	evolution	of	the	areal	mean	heating	rate	derived	from	the	TRMM	PR	2H25	 from	3	days	before	 genesis	 to	1	day	 after	 genesis.	Other	 than	deep	 convection,	which	shows	a	slight	increase	of	~0.1	x	10-4	K	s-1	in	the	maximum	areal	heating	rate	from	Day-3	to	Day	-2	(Fig.	4.5a),	the	areal	mean	heating	rate	is	largely	unchanged	from	Day	-3	to	Day	-2	for	each	precipitation	type.	It	is	not	until	Day	-1	that	a	larger	increase	occurs,	which	is	consistent	with	 IR	analysis	examined	by	Wang	(2017).	The	maximum	areal	heating	 for	congestus,	for	example,	increases	by	~0.24	x	10-4	K	s-1	from	Day	-2	to	Day	-1,	whereas	deep	convection	increases	by	~0.2	x	10-4	K	s-1.	The	largest	increase	in	areal	heating	from	Day	-2	to	Day	-1	relative	to	precipitation	type	is	shown	by	stratiform	precipitation.	Above	the	melting	layer,	the	maximum	areal	heating	increases	about	0.5	x	10-4	K	s-1.	The	profile	for	stratiform	precipitation,	moreover,	is	similar	to	NRH1	such	that	the	level	of	maximum	heating	occurs	near	8	km,	the	level	of	zero	is	shown	to	be	near	5	km	and	the	cooling	rate	is	weaker	than	the	upper-level	heating	rate.	The	 temporal	evolution	also	shows	a	 large	 increase	 in	 the	areal	mean	heating	rate	for	stratiform	precipitation	in	the	upper-troposphere	and	congestus	from	Day	-1	to	Day	+1.	The	increase	in	heating	rate	by	stratiform	precipitation	is	largely	due	to	its	increase	in	areal	coverage	within	the	200-km	radius	as	suggested	in	Chapter	3.		A	more	detailed	comparison	between	NRH1	and	TRMM	PR	SLH,	however,	illustrates	many	differences.	The	heating	rate	of	congestus	and	stratiform	precipitation	is	reduced	by	~25-50%	compared	 to	NRH1	(e.g.,	Fig.	4.3b	and	4.3d).	The	deep	convective	heating	rate,	moreover,	is	one	order	of	magnitude	weaker	than	that	in	the	numerical	model	simulation	(Fig.	4.3a).	As	a	result,	the	total	heating	profile	(Fig.	4.5e)	is	much	weaker	(i.e.,	more	than	~50%	by	Day	+1)	and	more	top	heavy	in	TRMM	than	in	the	model	simulation.	Also	different	
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from	 the	 NRH1	 control	 run,	 the	 stratiform	 upper-tropospheric	 heating	 and	 lower	tropospheric	 cooling	 rate	 both	 increase	 from	 Day	 -1	 to	 Day	 +1.	 The	 lower	 tropospheric	cooling	rate	does	not	decrease	with	intensification	as	suggested	by	the	NHR1	control	run.		It	should	 be	 pointed	 out,	 however,	 the	 sensitivity	 to	 microphysical	 schemes	 Goddard	 and	Morrison	 did	 show	 an	 increase	 in	 both	 the	 upper-tropospheric	 heating	 and	 lower	tropospheric	cooling	rate	from	Day	-1	to	Day	+1.		
4.4.2	Conditional	Heating	Rate		 To	investigate	the	differences	in	the	heating	profiles	between	the	TRMM	SLH	and	the	NRH1,	we	further	compute	the	conditional	mean	heating	rate	for	each	precipitation	type	and	compare	 NRH1	 to	 the	 TRMM	 SLH.	 Different	 from	 the	 areal	 mean	 heating	 profiles,	 the	conditional	heating	rate	for	one	precipitation	type	is	defined	as	the	total	heating	from	that	precipitation	type	divided	by	the	area	coverage	of	that	precipitation	type,	as	shown	in	eq.	(4.2).		 	 	 	 			 			"# = 	 &'()./0	 	 	 	 	 																	(4.2)		where	the	overbar	denotes	the	conditional	mean	heating,	∑LH	is	the	sum	of	diabatic	heating,	and	NType	 is	 the	 total	 number	 of	 pixels	 for	 each	 precipitation	 type.	 Figure	 4.6	 shows	 the	conditional	 mean	 heating	 rate	 for	 deep	 convection,	 congestus,	 shallow	 convection,	 and	stratiform	 precipitation	 before	 and	 after	 genesis	 for	 both	 NHR1	 and	 the	 SLH	 retrievals	derived	 from	 the	 TRMM	 PR.	 	 For	 deep	 convection,	 the	 conditional	 mean	 heating	 rate	increases	~10%	from	Day	-1	to	Day	+1	 in	NRH1,	which	 is	similar	 to	 the	TRMM	SLH	(Fig.	4.6a).	The	TRMM	SLH	also	shows	the	conditional	mean	heating	rate	increase	for	each	period	
	 77	
from	Day	-3	to	Day	-1.	However,	the	relative	increase	in	heating	is	not	as	large	as	the	relative	increase	in	the	conditional	rain	rate	as	suggested	in	Chapter	3.	The	magnitude	of	congestus	heating,	as	shown	in	Figure	4.6b,	is	comparable	to	that	of	deep	convective	heating.	However,	NRH1	suggests	that	the	conditional	mean	heating	rate	associated	with	congestus	weakens	after	 genesis,	which	 is	 dissimilar	 to	TRMM.	The	TRMM	SLH	 shows	 the	 conditional	mean	heating	 rate	 increases	 from	Day	 -3	 to	 Day	 +1.	 Also,	 the	 convective	 heating	 rate	 is	much	greater	 than	 the	 rate	 of	 heating	 occurring	 in	 the	 upper-troposphere	 from	 stratiform	precipitation	in	both	NRH1	and	TRMM,	consistent	with	the	differences	in	conditional	heating	rate	(Fig.	4.6d).	NRH1,	however,	does	show	less	cooling	from	Day	-1	to	Day	+1	in	the	lower	troposphere,	 whereas	 TRMM	 SLH	 shows	 no	 change	 from	 Day	 -3	 to	 Day	 +1.	 Lastly,	 we	compare	the	conditional	mean	heating	profiles	from	tropical	cyclones	to	those	in	the	Tropical	Atlantic.	The	heating	profiles	 for	each	precipitation	type	 is	quite	comparable	to	the	mean	heating	profile	of	a	tropical	cyclone	2-3	days	before	genesis.		The	magnitude	of	the	conditional	heating	rate	appears	weaker	in	TRMM	compared	to	NRH1.	This	is	especially	true	for	shallow	cumuli	(Fig.	4.6c).	This	may	be	due	to	differences	in	the	resolution	between	the	high-resolution	model	and	the	TRMM	PR	overpass,	and	it	is	also	possible	 that	WRF	 overestimates	 precipitation	 (Chen	 2017).	 It	 too	 should	 be	 noted	 that	TRMM	heating	 is	 from	 composites	while	 NRH1	 is	 just	 one	 single	 simulation,	which	may	precipitate	 relatively	 heavily.	 However,	 the	 conditional	 mean	 heating	 rate	 for	 each	precipitation	type	derived	from	TRMM	SLH	is	more	comparable	to	that	derived	from	NRH1	than	 the	 areal	mean	 heating	 rate.	 A	 possible	 interpretation	 is	 that	 the	 TRMM	 PR	 under	samples	actual	deep	convective	cells.	The	under	sampling	of	deep	convection	is	attributed	to	the	short	 lifetime	and	limited	areal	coverage	of	deep	convection	and	the	 infrequency	of	a	
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TRMM	overpass.	Another	possibility	 is	 that	 the	WRF	model	simulations	overestimate	 the	frequency	of	occurrence	of	deep	convection.	Both	possibilities	may	contribute	to	the	much	weaker	heating	rate	derived	from	the	TRMM	SLH	than	in	the	WRF	simulations.	Though	it	can	be	noted	that	the	area	averaged	near	surface	rain	rates	from	the	TRMM	PR	(see	Fig.	4.7)	are	quite	comparable	to	CMORPH	(Wang	and	Hankes,	2014),	thus	the	latter	seems	more	likely.			
4.5		Conclusions	and	Discussion	
	 The	 evolution	 of	 diabatic	 heating	 during	 the	 formation	 of	 a	 tropical	 cyclone	 is	examined	with	respect	to	the	cloud	population.	In	particular,	we	analyze	the	heating	profiles	associated	with	different	precipitation	 types	and	 their	 temporal	evolution	using	both	 the	nature	run	high-resolution	numerical	model	simulation	or	NRH1	(Nolan	et	al.	2013)	and	the	SLH	profiles	derived	from	the	TRMM	PR.	We	focus	on	a	time	window	of	no	more	than	3	days	before	genesis	to	1	day	after	genesis	in	the	TRMM	analysis	and	only	1	day	before	and	after	genesis	in	NRH1.		 Findings	suggest	that	the	total	areal	mean	heating	results	entirely	from	the	diabatic	heating	 associated	 with	 deep	 convection,	 congestus,	 and	 upper-tropospheric	 stratiform	precipitation	 processes.	 The	 contribution	 by	 stratiform	 precipitation	 to	 the	 upper-level	heating	is	comparable	to	deep	convection,	especially	before	genesis.	Overall,	the	total	areal	mean	heating	occurs	over	a	deep	 layer	owing	 to	 contributions	 from	both	 convective	and	stratiform	 processes,	 not	 by	 convection	 alone.	 The	 areal	 mean	 heating	 associated	 with	stratiform	 precipitation	 in	 the	 upper-troposphere	 leads	 to	 the	 development	 of	 a	 deep	diabatic	 heating	 profile,	 which	 may	 aid	 in	 generating	 the	 warm	 core	 in	 the	 upper-troposphere	 and	 thus,	 help	 to	 hydrostatically	 reduce	 the	 surface	 pressure	 (Dolling	 and	
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Barnes	2012;	Holland	1997).	It	is	also	shown	that	the	diabatic	heating	profile	is	somewhat	sensitive	to	microphysical	processes.	Changes	to	the	microphysics	schemes	for	NRH1	yield	subtle	differences	to	diabatic	heating	rate	associated	with	stratiform	and	deep	convection.	For	example,	 the	Thompson	and	Lin	microphysics	 schemes	demonstrate	 that	 the	heating	associated	with	stratiform	precipitation	above	the	melting	level	changes	very	little	before	and	 after	 genesis,	 while	 the	 other	 microphysics	 schemes	 show	 ~50%	 increase.	 Heating	associated	with	deep	convection	 is	also	much	stronger	 in	 the	sensitivity	experiment	 than	that	in	the	control	run	at	Day	-1	A	comparison	of	the	WRF	simulations	with	the	TRMM	SLH	derived	products	also	yields	many	differences	and	similarities.	The	areal	mean	heating	rate	for	congestus	and	stratiform	precipitation	is	reduced	by	~25-50%	compared	to	NRH1.	The	normalized	contribution	by	deep	convection	is	also	shown	to	be	one	order	of	magnitude	weaker	in	TRMM.		As	a	result,	the	 total	 heating	 is	 more	 top	 heavy	 in	 comparison	 to	 the	 model	 solution.	 Stratiform	precipitation	is	somewhat	comparable	in	both	the	numerical	model	simulation	and	TRMM	such	that	the	level	of	maximum	heating	is	nearly	identical.	Both	also	show	an	increase	in	the	upper-tropospheric	heating	rate	from	Day	-1	to	Day	+1,	which	is	largely	due	to	the	increase	in	areal	coverage	of	stratiform	precipitation.	When	analyzing	the	conditional	mean	diabatic	heating	for	each	precipitation	type,	the	rate	of	heating	by	convective	precipitation	is	much	greater	 than	 the	 rate	 of	 heating	 that	 occurs	 in	 the	 upper-troposphere	 from	 stratiform	precipitation.	 In	 addition,	 similarities	 that	 exist	 between	 the	 conditional	 mean	 heating	profiles	 from	 the	 model	 and	 TRMM	 suggest	 WRF	 likely	 overestimates	 the	 frequency	 of	occurrence	of	 deep	 convection.	However,	 the	possibility	 that	TRMM	under	 samples	deep	convective	cells	cannot	be	completely	ruled	out.	
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	 The	 large	 convective	heating	 rate	 for	 congestus	 and	deep	 convection	 in	 the	 lower	troposphere	re-emphasizes	the	role	convection	plays	in	spinning	up	the	low-level	circulation	(e.g.,	Hendricks	et	al.	2004;	Montgomery	et	al.	2006;	Raymond	and	Carrillo	2011).	However,	the	contribution	to	the	total	diabatic	heating	by	stratiform	precipitation	that	occurs	within	the	circulation	area	implies	that	it	too	is	important	to	the	systematic	spin-up	of	the	tropical	cyclone	vortex.	It	has	been	theorized	that	tropical	cyclone	formation	either	occurs	via	the	“top-down”	or	the	“bottom-up”.	In	the	top-down	theory,	a	mid-level	vortex	forming	in	the	stratiform	 region	 initiates	 a	 surface	 cyclonic	 circulation	 by	 building	 downward.	 In	 the	bottom-up	 development	 theory,	 convective	 heating	 generates	 strong	 low-level	 cyclonic	vorticity	 where	 the	 organization	 of	 these	 vortices	 leads	 to	 the	 formation	 of	 tropical	depression	 vortex.	 However,	 this	 study	 suggests	 that	 a	 combination	 of	 convective	 and	stratiform	processes	lead	to	tropical	cyclone	formation.		Wang	(2012)	showed	that	different	vertical	development	routes	may	take	place	at	different	spatial	scales,	in	which	the	mid-level	spin-up	precedes	the	low-level	spin-up	at	the	meso-α	scale	but	that	the	surface	spin-up	of	the	protovortex	actually	occurs	before	the	mid-level	spin-up	at	the	meso-β	scale.	It	could	be	argued	that	the	area	fraction	of	stratiform	precipitation	is	the	reason	for	the	mid-level	spin-up	at	the	meso-α	scale	by	increasing	the	amount	of	latent	heat	over	a	deeper	layer.	Overall,	conclusions	drawn	 from	 this	 research	 suggest	 that	 the	 contribution	by	different	 types	of	precipitation	is	important	to	tropical	cyclogenesis.		 	
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4.6	Figures	
	Figure	4.1.	Shows	(left)	the	12	hourly	center	 locations	for	the	NRH1	track	and	(right)	the	minimum	 SLP	 every	 30	minutes.	 Time	 of	 genesis	 in	 the	model	 simulation	 (i.e.,	 48	 h)	 is	denoted	by	‘G’.	
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	Figure	4.2.	Shows	24-h	mean	precipitation	rate	and	near-surface	streamlines	for	NRH1	from	Day	-1	to	Day	+3.	
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	Figure	4.3.	Heating	rate	normalized	by	total	area	within	a	200-km	radius	computed	 from	NRH1	 for	 (a)	 deep	 convection,	 (b)	 congestus,	 (c)	 shallow	 convection,	 (d)	 stratiform	precipitation,	and	(e)	total	heating	rate.	Red	curve	represents	1	day	before	genesis	and	the	black	curve	1	day	after	genesis.	The	red-dashed	curves	represent	the	heating	rate	at	30-min	intervals	before	genesis	and	the	black-dashed	curves	after	genesis	(units:	10-4	K	s-1).	
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	Figure	4.4.	Similar	to	Fig.	4.3	but	with	different	microphysics	(units:	10-4	K	s-1).	The	different	colors	represent	the	different	schemes.	The	dashed	curves	represent	the	pre-genesis	24-h	mean	(i.e.,	Day	-1)	and	the	solid	curves	represent	the	post-genesis	24-h	mean	(i.e.,	Day	+1).	
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	Figure	4.5.	Heating	rate	normalized	by	total	area	within	a	200-km	radius	computed	 from	TRMM	 PR	 for	 (a)	 deep	 convection,	 (b)	 congestus,	 (c)	 shallow	 convection,	 (d)	 stratiform	precipitation,	and	(e)	total	heating	rate.	The	dark-green	curve	represents	the	heating	rate	3	days	 before	 genesis,	 the	 light-green	 curve	 2	 days	 before	 genesis,	 the	 yellow	 curve	 1	 day	before	genesis,	and	the	orange	curve	represents	1	day	after	genesis	(units:	10-4	K	s-1).		
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	Figure	4.6.	Shows	the	mean	heating	rate	for	(a)	deep	convection,	(b)	congestus,	(c)	shallow	convection,	 and	 (d)	 stratiform	precipitation	within	 a	 200-km	 radius.	 The	 red	 solid	 curve	represents	1	day	before	genesis	and	the	black	solid	curve	1	day	after	genesis	for	HNR1.	The	dark-green	curve	represents	the	heating	rate	3	days	before	genesis,	the	light-green	curve	2	days	before	genesis,	the	yellow	curve	1	day	before	genesis,	and	the	orange	curve	represents	1	day	after	genesis	for	TRMM	PR.	The	gray	curve	represents	the	Tropical	Atlantic	(units:	10-3	K	s-1).	
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	Figure	4.7.	Areal	average	precipitation	rate	(mm	h-1)	derived	from	TRMM	PR.	Dashed	dark-green	curve	is	area	average	over	the	pouch	scale	(4°x4°)	and	light-green	dashed	curve	is	the	area	 average	 over	 the	 inner-pouch	 region	 (1.5°	 x	 1.5°).	 Each	 mark	 represents	 the	 24-h	temporal	mean,	 incremented	 every	 12	 hours.	 ‘G’	 is	 defined	 as	 the	 genesis	 period	 (Note:	genesis	occurs	somewhere	in	the	range	between	‘-24	-	0’	and	‘0	-	+24’).	
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CHAPTER	5	
	
CONCLUSIONS	AND	DISCUSSION	
	
Knowledge	about	the	moisture	and	precipitation	evolution	as	well	as	the	processes	and/or	conditions	that	promote	convective	organization	during	tropical	cyclone	formation	are	 not	 well	 understood.	 It	 is	 necessary,	 in	 turn,	 to	 address	 the	 physics	 behind	 the	development	of	tropical	cyclones	to	advance	our	scientific	understanding	and	improve	our	predictive	capabilities.	 It	was	 the	purposes	of	 this	dissertation	 to	 incite	a	 comprehensive	interpretation	 of	 the	 coupling	 among	 the	 primary	 circulation,	 secondary	 circulation	 and	precipitation.	 This	 was	 accomplished	 by	 directing	 emphasis	 toward	 understanding	 the	evolution	of	the	water	vapor	budget	from	the	wave	stage	to	the	tropical	cyclone	stage	and	the	relative	contribution	by	different	types	of	precipitation	in	the	context	of	high-resolution	numerical	model	simulations,	reanalysis	data,	and	satellite	data.		By	 evaluating	 the	water	 vapor	 budget	 for	 a	 developing	 tropical	 cyclone	we	 could	solicit	 questions	 about	 the	 relative	 importance	 of	 local	 evaporation	 in	 tropical	 cyclone	development	 and	 assess	 the	 positive	 feedback	 between	 the	 primary	 circulation,	 the	secondary	circulation,	and	the	ocean	surface	heat	fluxes.	A	high-resolution	numerical	model	simulation,	 carried	 out	 in	 the	 framework	 of	 the	 marsupial	 paradigm,	 revealed	 that	 the	vertically	integrated	inward	moisture	flux	accounts	for	a	majority	of	the	total	condensation	and	that	the	fractional	contribution	increases	from	the	tropical	wave	stage	to	the	tropical	
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cyclone	stage,	whereas	the	fractional	contribution	of	the	local	evaporation	is	much	smaller	and	decreases	from	the	tropical	wave	stage	to	the	tropical	cyclone	stage.	It	was	also	shown	that	the	radial	moisture	flux	above	planetary	boundary	layer	is	rather	weak	prior	to	genesis	but	does	increase	quite	significantly	after	genesis	in	response	to	a	deepening	of	the	radial	inflow	layer.	Therefore,	the	decrease	in	the	fractional	contribution	of	the	local	evaporation,	or	 rather	 the	 increase	 in	 the	 fractional	 contribution	 of	 the	 vertically	 integrated	 inward	moisture	flux,	must	be	due	to	the	strengthening	of	the	low-level	convergence	associated	with	the	secondary	circulation.	The	intensification	of	the	secondary	circulation	can	be	attributed	to	the	organized	convection	and	concentrated	diabatic	heating	near	the	circulation	center.		A	 consequence	 to	 conclusions	 drawn	 from	 the	 water	 vapor	 budget	 means	 local	evaporation	 and	 its	 positive	 interaction	 with	 the	 primary	 circulation	 may	 not	 be	 as	important	as	previous	studies	suggest	(Emanuel	1986;	Rotunno	and	Emanuel	1987).	Instead,	the	 increase	 in	 the	 fractional	 contribution	 by	 the	 inward	 moisture	 flux	 with	 the	 storm	intensification	more	inherently	implies	the	importance	of	the	positive	feedback	among	the	primary	 circulation,	 the	 secondary	 circulation,	 and	 convection	 for	 tropical	 cyclone	development.	To	explore	 the	role	of	convection	as	well	as	other	precipitation	processes	 in	more	detail,	 we	 first	 quantified	 the	 frequency	 occurrence	 of	 shallow	 convection,	 mid-level	convection	 (i.e.,	 congestus),	 deep	 convection	 and	 stratiform	 precipitation	 	 A	 systematic	examination	of	the	precipitation	evolution	using	precipitation	and	cloud	top	retrievals	from	the	TRMM	PR	for	more	than	100	named	storms	occurring	in	the	tropical	Atlantic	between	1998-2010	 suggested	 that	 tropical	 cyclogenesis	 may	 be	 an	 outcome	 of	 the	 collective	contribution	by	different	 types	of	 precipitation.	 Focusing	on	 a	 time	window	 from	3	days	
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before	genesis	to	one	day	after	genesis,	precipitation	was	shown	to	increase	in	coverage	and	intensity	near	the	wave-pouch	center	within	36	hours	prior	to	genesis.	Stratiform	clouds,	mid-level	convection,	and	deep	convection	all	contribute	to	the	increasing	precipitation.	The	contribution	by	stratiform	precipitation	is	due	to	its	increasing	areal	coverage,	while	its	pixel	rain	rate	changes	little	from	wave	stage	to	the	tropical	cyclone	stage.	The	contribution	by	mid-level	and	deep	convection	results	from	their	increasing	areal	coverage	and	intensifying	rain	rates.	Among	the	three	types	of	convection,	deep	convection	has	the	largest	pixel	rain	rate,	but	mid-level	convection	occurs	most	frequently	and	makes	the	largest	contribution	to	the	total	precipitation		With	this	understanding,	it	was	necessary	to	analyze	the	heating	profiles	associated	with	 different	 types	 of	 precipitation	 during	 tropical	 cyclone	 formation.	 Because	 each	precipitation	type	can	be	characterized	by	different	heating	and	divergence	profiles,	each	precipitation	 type	 can,	 thus,	 affect	 the	 evolution	 of	 both	 the	 primary	 and	 secondary	circulation	differently.	Using	the	“nature	run”,	a	high-resolution	numerical	model	simulation	developed	and	validated	by	Nolan	et	al.	(2013),	the	diabatic	heating	rates	associated	with	shallow	convection,	congestus,	deep	convection,	and	stratiform	precipitation	were	assessed	and	then	compared	to	the	spectral	latent	heating	profiles	derived	from	the	TRMM	PR,	which	has	not	been	systematically	analyzed	for	tropical	cyclone	formation.	Findings	 suggest	 that	 the	 total	 areal	mean	heating	 results	 entirely	 from	 the	diabatic	heating	 associated	 with	 deep	 convection,	 congestus,	 and	 upper-tropospheric	 stratiform	precipitation	processes.	Thus,	heating	occurs	over	a	deep	layer	owing	to	contributions	from	both	convective	and	stratiform	processes,	not	by	convection	alone.		However,	a	comparison	of	 the	 nature	 run	 simulations	 with	 the	 TRMM	 SLH	 derived	 products	 yielded	 many	
	 91	
differences.	In	fact,	the	areal	mean	heating	rate	for	congestus	and	stratiform	precipitation	is	shown	 to	 be	 reduced	 by	 ~25-50%	 relative	 to	 the	 model	 simulations.	 Moreover,	 deep	convection	is	shown	to	be	one	order	of	magnitude	weaker	in	TRMM.		As	a	result,	the	total	heating	derived	from	TRMM	is	more	top	heavy	in	comparison	to	the	model	solutions.	When	analyzing	 the	 conditional	 mean	 diabatic	 heating	 for	 each	 precipitation	 type,	 the	 rate	 of	heating	by	convective	precipitation	is	much	greater	than	the	rate	of	heating	that	occurs	in	the	upper-troposphere	from	stratiform	precipitation.	Lastly,	similarities	that	exist	between	the	 conditional	 mean	 heating	 profiles	 from	 the	 model	 and	 TRMM	 suggest	 WRF	 likely	overestimates	the	frequency	of	occurrence	of	deep	convection.	These	 findings	 largely	 validate	 the	 collective	 contribution	 by	 different	 types	 of	precipitation	to	tropical	cyclone	formation,	and	not	simply	deep	convection	which	has	been	emphasized	in	many	previous	studies	(e.g.,	Montgomery	et	al.	2006).		The	large	contribution	by	mid-level	convection	suggests	its	important	role	in	pre-conditioning	the	lower	to	middle	troposphere	 and	 spinning	 up	 the	 near-surface	 circulation	 (Wang	 2014b).	 Moreover,	 the	contribution	 by	 deep	 convection,	with	 respect	 to	 its	 persistent	 increase	 in	 intensity	 and	frequency	of	occurrence,	reaffirms	its	critical	role	in	the	transition	from	a	tropical	wave	to	a	tropical	 cyclone	 (e.g.,	 Montgomery	 et	 al.	 2006;	 Tory	 and	 Frank	 2010;	 and	Wang	 2012).	However,	 the	 contribution	 to	 the	 total	 diabatic	 heating	 by	 stratiform	 precipitation	 that	occurs	within	the	circulation	area	implies	that	it	too	is	important	to	the	systematic	spin-up	of	the	tropical	cyclone	vortex.	Overall,	conclusions	drawn	from	this	discussion	suggest	that	tropical	 cyclone	 formation	 is	 an	 outcome	 of	 different	 types	 of	 precipitation	 and	 cannot	simply	be	attributed	to	a	few	intense,	deep	convective	clouds.	
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